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Introduction

The Humboldt River Basin is an arid to semiarid, inter-
nally drained basin that covers approximately 43,000 km? in
northern Nevada (fig. E-1). The basin contains a wide variety
of metallic and nonmetallic mineral deposits and occurrences,
and, at various times, the area has been one of the Nation’s
leading or important producers of gold, silver, copper, mer-
cury, and tungsten. Nevada currently (2003) is the third largest
producer of gold in the world and the largest producer of silver
in the United States. Current exploration for additional mineral
deposits focuses on many areas in northern Nevada, including
the Humboldt River Basin.

Much of the land in the Humboldt River Basin is publicly
owned and administered by the U.S. Bureau of Land Manage-
ment (BLM). Minerals-related activities, including explora-
tion and mining, are among the multiple uses of these lands.
Most metallic minerals are produced from open-pit mines of
various sizes, although production from underground mining
has increased in the last few years. The dimensions of some of
the open-pit mines are on the order of kilometers, and mining-
related heap-leach and waste-rock piles, mills, and roads can
cover large areas near the mines. Dewatering of large open-pit
and deep underground gold-silver mines has modified water
tables near those mines, and the water is diverted to agricul-
ture uses, recharged into the aquifers, or discharged directly
into the Humboldt River and its tributaries. Exploration for
new metallic mineral deposits takes place throughout the
Humboldt River Basin, in part near known mineral deposits
and in part in other areas that industry, for various geological,
geochemical and geophysical reasons, deems worthy of more
detailed investigations.

In 1996, the Nevada State Office of BLM requested a
mineral resource assessment of the Humboldt River Basin to
aid their land-use planning, including the future possible loca-
tions of mine dewatering. A U.S. Geological Survey (USGS)
mineral-resource assessment of the BLM Winnemucca District
in northwestern Nevada and the Surprise Resource area in
northeastern California, published in 1996, included the west-
ern third of the Humboldt River Basin. In its 1996 request,
BLM asked that the USGS expand its assessment to include
the entire Humboldt River Basin, which extends east into
north-central and northeastern Nevada (fig. E-1). To that end,

the USGS evaluated the mineral resource potential of much
of northern Nevada, including the Humboldt River Basin, to
(1) provide continuity with the Winnemucca-Surprise report,
which included areas outside of the basin, and (2) place the
Humboldt River Basin in a geologically broader context. The
focus of the assessment, however, was on the area covered by
the basin.

The Humboldt River Basin mineral assessment used
geological, geochemical, geophysical, and mineral-deposit
data to predict where undiscovered metallic mineral resources
might be present in the Humboldt River Basin. From a pres-
ent and near-future economic standpoint, gold and silver
are the important metal commodities in the Humboldt River
Basin study area, and deposits that contain those elements are
the most likely to be explored for and mined in the foresee-
able future. These deposits fall into three broad categories:
pluton-related polymetallic deposits, sedimentary rock-hosted
gold-silver deposits, and epithermal gold-silver deposits. The
assessment focused on these types of deposits, and the results
are summarized here. The prices for platinum and palladium
have been high in recent years, and industry may continue
to explore geologic environments, including those in the
Humboldt River Basin, that may contain economic concentra-
tions of these elements. A brief description of these deposits
is provided in the summary of pluton-related polymetal-
lic deposits. Placer gold deposits are present in the Basin,
but they are small relative to the sizes of the hydrothermal
deposits that currently are mined in the region. A summary
of known placer gold deposits was published in 1973 by the
USGS, and placer gold deposits were not evaluated further in
this assessment.

Northern Nevada contains deposits of many other metal-
lic and nonmetallic elements. With the exception of barium,
exploration for these types of deposits that contain little or no
gold and (or) silver is unlikely in the near future, and deposits
of these other elements were not considered in this assess-
ment. Nonetheless, some of these elements are recovered as
by-products during mining of gold and (or) silver deposits.
Northern Nevada also contains a wide variety of industrial
minerals, some of which are being mined in and near the
Humboldt River Basin. However, this assessment focused
on metallic mineral deposits and did not address industrial
minerals.
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Geologic and Mineral Deposit Setting

The geologic history of northern Nevada, including the
Humboldt River Basin, spans more than 2 billion years, rang-
ing from Precambrian rocks in the East Humboldt Range to
modern alluvial deposits in valleys and along streams (fig.
E-2). A regional blanket of sediments was deposited on the
ocean floor during the Paleozoic Era and by streams and on
the ocean floor during the Mesozoic Era. During both Paleo-
zoic and Mesozoic times, continental-scale tectonic activity
thrust the sedimentary rocks eastward, creating a complexly
interleaved stratigraphic sequence. For mineral deposits, espe-
cially sedimentary rock-hosted gold-silver deposits, the middle
Paleozoic Antler orogeny was the most important of these tec-
tonic events. This orogeny took place in the late Devonian to
Mississippian and produced the Roberts Mountains thrust (fig.
E-2). The thrust placed fine-grained, deep-ocean sedimentary
rocks over shallow-water carbonate rocks to form favorable
sites for gold-silver mineralization in the Cretaceous and early
Tertiary Periods.

Igneous activity produced plutons and volcanic rocks
throughout much of the Humboldt River Basin. Jurassic
magmatism was widespread throughout northern Nevada, but
it did not produce notable concentrations of metals except
near Yerington. Major plutonic activity during the Cretaceous
Period, however, generated numerous multi-element mineral
deposits in and around the plutons. Widespread volcanic
activity at various times in the Cenozoic Era created favorable
environments for the formation of shallow, epithermal deposits
(fig. E-2).

Throughout the geologic history of the region, both ero-
sion and deposition of additional sediments and volcanic units
have variably destroyed or concealed mineral deposits. This is
readily apparent today: erosion has stripped away parts or all
of some mineral deposits in mountain ranges and deposited the
eroded rocks as sediments in adjacent basins, concealing large
areas of possibly mineralized rock. These processes, when
combined with the complex geologic events over a period of 2
billion years, make exploration for and discovery and assess-
ment of mineral deposits a challenging endeavor.

Assessment Concepts and Methodology

Methods of Assessment

The mineral resource assessment used a combina-
tion of expert (knowledge-based) and data-driven methods
to evaluate the potential for major, undiscovered gold- and
silver-bearing deposits in the Humboldt River Basin. Deposits
of these precious metals form in a wide variety of mineral-
izing environments that are subsets of three major classes of
mineral deposits: (1) multi-element deposits related to plutonic
rocks, (2) gold-silver deposits in sedimentary rocks (includ-
ing Carlin-type and distal-disseminated gold-silver deposits),

and (3) gold-silver deposits that formed in relatively shallow,
epithermal environments. Examples of deposits in the Hum-
boldt River Basin that fall into each class of deposit are given
in table E-1.

Mineral deposits form when optimal combinations of
geological processes converge in time and space to produce
a deposit. Thus, a mineral assessment must consider a wide
variety of geologic processes and evaluate their interactions.
Using their knowledge of the geology and mineral deposits
of the Humboldt River Basin, the assessment team created
specific geological, geophysical, geochemical, and min-
eral-deposit data and converted this information into digital
layers (“predictor layers™). For the assessment, the data were
analyzed and modeled in a Geographic Information System
(GIS) using weights-of-evidence and weighted logistic regres-
sion techniques to produce maps that show varying degrees of
likelihood for the occurrence of undiscovered deposits of the
class being assessed. The areas with the highest likelihood of
containing undiscovered deposits were classified as “prospec-
tive,” and those with the next-highest likelihood were classi-
fied as “favorable.” “Permissive” areas are the broadest and
most general category; all undiscovered deposits are likely
to occur in these areas, although many parts of these areas
may not contain mineral deposits. “Nonpermissive” areas
are those outside of the permissive areas, and they represent
areas in which mineral deposits are almost certain to be absent
or buried beneath thick deposits of young sediments. The
permissive and nonpermissive areas were delineated in a 1996
USGS mineral assessment of the State of Nevada, and those
areas were incorporated into the final assessment maps for this
study.

To be consistent with the earlier assessment of the
Winnemucca District, this assessment was done at a regional
scale to delineate broad areas in northern Nevada and the
Humboldt River Basin that are likely to contain undiscovered
mineral deposits. The data used for the assessment were cre-
ated at a wide range of scales, and the effective scale of the
assessment maps is 1:1,000,000. This regional scale should be
kept in mind when using this assessment and the GIS-based
mineral-resource assessment maps. The use of the maps at
larger scales to examine small areas in detail, such as a spe-
cific mining district or mountain range, is inappropriate: this
use diverges from the purpose of and the concepts utilized in
the assessment.

Data Used in the Assessment

Using its expertise in the geology and mineral deposits
of the region, the members of the assessment team evalu-
ated geologic data from a wide variety of sources, including
considerable new data collected by the assessment team. The
geological, geochemical, geophysical, and mineral deposit-
related data used for the assessment were chosen both for their
relevancy to mineral-deposit formation and for use in a GIS
system. Some information could not be converted into predic-
tor layers, but the concepts and ideas were used qualitatively



while generating the digital layers and during the assessment
process. Other data were evaluated but not used because they
either were not directly relevant to the formation of mineral
deposits or did not apply to the entire study area. The final
data layers that were used in assessing each class of mineral
deposits are described briefly below and listed in Table E-2.

Rock units and structures that are represented on geologic
maps reflect some of the geologic events that formed mineral
deposits. Maps showing the regional distributions of various
types of rocks and structures known to host or have had an
influence on mineralization were a fundamental component
of this mineral assessment. Of particular importance were
the distributions of volcanic and sedimentary units related to
epithermal mineralization, the presence of and proximity to
plutonic rocks, and the relative lithologic diversity throughout
the study area. Structural data included the locations of various
thrust terranes (such as that related to the Roberts Mountains
thrust), proximities to the thrust faults, and northeast-striking
structural zones that may have played a role in the formation
of sedimentary rock-hosted mineral deposits. With the excep-
tion of the northeast-striking structural zones, most of the data
for these layers were derived from the 1:500,000-scale state
geologic map, with modifications by the assessment team on
the basis of newly acquired data.

Some trace elements are guides to mineral deposits,
and the regional distributions of some of these elements may
indicate areas when mineralization took place. Geochemical
data used for this assessment were derived from multi-ele-
ment analyses of stream-sediment samples collected during
the National Uranium Resource Evaluation (NURE) program
in the 1970s. The original analyses of those samples for the
NURE program were done by multiple laboratories that used
different element suites, analytical methods, and detec-
tion limits. The samples were reanalyzed for this project to
provide a broader, consistent suite of elements, consistent
analytical methods, and lower detection limits. Although
many elements were evaluated for the final assessments,
arsenic, coppet, lead, zinc, and the barium/sodium ratio were
considered to be the most valuable at a regional scale. The
data were gridded, and then, using a series of band-pass fre-
quency filters, resolved into distinct textural components. The
component used for the assessments shows anomalies related
to mineralized areas.

Geophysical data provide information on geological
units and structures that are not visible at the surface, includ-
ing certain types of igneous rocks, the thickness of alluvial
cover, and major faults. The geophysical predictor maps used
for this assessment were derived from a variety of gravity and
magnetic anomaly datasets. These included basement gravity
terranes and lineaments and magnetic terranes. A subset of the
magnetic terranes data focused on features that specifically are
associated with epithermal deposits. Gravity data also indi-
cate the depth of basement rocks beneath young sediments in
Quaternary basins, as most mineral deposits that are concealed
beneath a kilometer or more of sediments are considered to be
unlikely exploration targets.
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Any search for undiscovered mineral deposits relies on
knowledge of the locations and characteristics of the deposits
that occur in the area. This assessment used USGS databases
that provide mineral-deposit data on the locations, types, and
characteristics of known mineral deposits, occurrences, and
prospects in the Humboldt River Basin and northern Nevada.
These databases were updated and subsets used for the assess-
ment. For the data-driven part of the assessment (see descrip-
tion above), the subsets (“training sites”) include deposits that
are known, on the basis of various production data and indus-
try property evaluations, to contain significant concentrations
of gold and (or) silver. The training sites for pluton-related,
sedimentary rock-hosted, and epithermal deposits are shown in
figure E-3.

Results of Assessment

For the reasons described above, the focus of the mineral
assessment was on undiscovered pluton-related polymetal-
lic, sedimentary rock-hosted gold-silver, and epithermal
gold-silver mineral deposits in the Humboldt River Basin
and surrounding areas in northern Nevada. The relationships
between the training site locations and the various geological,
geochemical, and geophysical data identified geologic char-
acteristics common to the known economic and subeconomic
deposits in the region. These characteristics were applied to
the entire study area, and the resulting assessment maps show
the locations of areas that contain features common to these
mineral deposits. These areas, of course, include those that
contain known deposits and mines, and exploration undoubt-
edly will continue in these areas. Areas that do not contain
known deposits are considered to be favorable or prospective
for undiscovered mineral deposits, and future mineral explora-
tion likely will focus on these areas as well.

Pluton-related Polymetallic Deposits

Pluton-related deposits form during the intrusion of small
to large bodies of magma into rocks in the upper crust. Pluton-
related deposits of various types around the world contain cop-
per, molybdenum, tungsten, tin, gold, silver, lead, zinc, iron,
platinum, and palladium, as well as other elements of eco-
nomic interest. In general, these types of mineralizing systems
are large, and they form several kinds of mineral deposits that,
singly or in aggregate, comprise some of the largest concentra-
tions of economic minerals on the planet.

Mesozoic and Tertiary plutons are related to a large
number of pluton-related deposits and occurrences in the
Humboldt River Basin and surrounding areas. The metallic
mineral deposit types include porphyry deposits (porphyry
copper-(molybdenum), low-fluorine porphyry molybdenum,
Climax-type molybdenum, porphyry copper—gold, intrusion-
related gold), base- and precious-metal skarn deposits (por-
phyry-related copper skarns, copper skarn, zinc—lead skarn,
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iron skarn, gold skarn, tungsten skarn), polymetallic vein and
replacement deposits, and replacement manganese deposits.
Distal-disseminated silver—gold deposits, which are discussed
in the following section on sedimentary rock-hosted deposits,
are products of plutonic activity but formed well away from
the related plutons, generally as oxidized parts of gold-bear-
ing pyrite haloes that surround the porphyry plutons. Porphyry
deposits, skarn deposits, some polymetallic vein deposits, and
distal-disseminated silver—gold deposits form a continuum,
with the porphyry copper deposits typically at the core of the
plutonic and mineralizing system. In addition, the magmatic
processes that formed igneous rocks of the Humboldt mafic
complex east of Lovelock also formed iron deposits, and parts
of the complex may contain deposits of platinum and pal-
ladium. Weathering and erosion of many of the gold-bearing,
pluton-related deposits in the region created placer gold depos-
its, which were some of earliest indications to prospectors of
the presence of the larger pluton-related deposits.

In northern Nevada, the Battle Mountain Mining District
contains several large pluton-related systems of different ages,
including those in the Copper Canyon and Copper Basin areas,
and other large systems of various types are present elsewhere
in the Humboldt River Basin and surrounding regions (table
E-1). None of the pluton-related deposits at Copper Canyon
and Copper Basin currently are being mined, although several
in the Battle Mountain, McCoy-Cove, and Ruth areas were
active into the mid-to-late 1990s. Pluton-related deposits in
the region have been mined by both open-pit and underground
operations.

The formation of pluton-related mineral deposits involves
a complex variety of factors, and the many different types of
deposits produced by pluton-related mineralizing systems (see
above) are a testament to that complexity. Given adequate
data, some of these factors can be represented by spatial
data layers, whereas other factors are not as easy to portray
spatially. The assessment criteria that were used for pluton-
related deposits in the Humboldt River Basin included (1)
skarn proximity buffers around plutons, (2) combined regional
distributions of copper, lead, and zinc from geochemical data,
(3) regional arsenic concentrations from geochemical data, (4)
proximity to plutons, (5) lithodiversity of the geologic map of
Nevada, (6) buffers around interpreted basement gravity linea-
ments, (7) regional gravity terranes, (8) depth to basement, and
(9) pluton-related training sites (table E-2).

As shown in figure E-4, the assessment of pluton-related
deposits demonstrates that seven northeast- and northwest-
trending belts are favorable to prospective for undiscov-
ered pluton-related deposits. These belts include the Battle
Mountain—Eureka, Humboldt—Toulon, Stillwater, Toiyabe,
Osgood, Ruby, and Adobe—Pifion plutonic belts. All of the
belts have known pluton-related deposits of various types, and
many areas in these belts will continue to draw significant
attention from the mining industry during the next 10 to 15
years.

Brief summaries of the plutonic and related mineral belts,
which are shown in figure E-4, are given below:

¢ Battle Mountain—Eureka plutonic belt. The Battle

Mountain-Eureka mineral belt is the premier locus of
pluton-related deposits in the Humboldt River Basin.
The belt mainly is a Late Cretaceous and Tertiary
porphyry trend, and it contains the large Battle Moun-
tain Mining District near the central part of the basin.
The belt is defined by clusters of deposits in a zone
extending southeast from the general area of the Battle
Mountain Mining District to the general area of Eureka.
Metals produced from this belt include copper, gold,
silver, molybdenum, lead, and zinc. Although this belt
has been recognized since the 1960s, an alignment of
prospective tracts in the mountain ranges reaffirms

the major importance of the Battle Mountain-Eureka
mineral belt. The McCoy Mining District, due south

of the Battle Mountain Mining District, might reflect a
predominantly Tertiary southward protrusion of the belt.

* Humboldt-Toulon plutonic belt. A broad zone of

generally northeast-trending areas that are prospective
and favorable for pluton-related deposits define the
Humboldt-Toulon belt. The belt extends northeast from
the southern Trinity Range and broadens in an east-
west direction near Lovelock to include the Humboldt
Range and the Unionville Mining District. The belt
includes numerous clusters of pluton-related mineral
occurrences and deposits that have many characteristics
compatible with porphyry-related copper, tungsten, and
molybdenum deposits, skarns, and polymetallic veins.

« Stillwater plutonic belt. The Stillwater belt is defined

by an almost continuous band of favorable and pro-
spective areas for pluton-related deposits that extend
from the general area of the East Range on the north-
east to the Stillwater Range on the southwest. The larg-
est known mineralized system is in the Kennedy Min-
ing District and peripheral areas in the southern East
Range, which have characteristics of a middle Tertiary
porphyry copper-(molybdenum) plutonic system.

¢ Osgood plutonic belt. As defined, the Osgood belt is

a relatively short, northeast-trending zone of prospec-
tive areas that coincides largely with the Osgood
Mountains. Tungsten skarn deposits are present along
the western and eastern contacts of northeast-trending
Cretaceous plutons in the Osgood Mountains. Further,
a number of fairly well explored porphyry copper and
stockwork molybedenum systems are present near the
broad junction of the Osgood belt with the Stillwater
and Battle Mountain-Eureka belts.

» Toiyabe plutonic belt. The Toiyabe belt is an almost

continuous zone of favorable and prospective areas
that extends along the entire length of the north-north-
east-trending Toiyabe Range. Plutons of various ages
are present along the range, and these plutons generally
are associated with polymetallic vein occurrences in



numerous mining districts, including the large Austin
Mining District. In addition, the belt largely coincides
with a northeast-trending zone of anomalously high
arsenic contents in NURE stream-sediment samples.
Several other metals common in pluton-related envi-
ronments, including bismuth and tin, also appear to be
concentrated preferentially along the Toiyabe belt.

* Ruby plutonic belt. The Ruby belt of favorable areas
largely is coincident with the northeast-trending Ruby
Mountains near the east edge of the Humboldt River
Basin. At least two phases of mineralized skarn are
present in the Ruby Mountains, and they are associ-
ated with Jurassic and Tertiary magmatic events. These
skarns have produced generally small amounts of base
and precious metals and tungsten.

* Adobe-Piiion plutonic belt. The Adobe-Pifion belt of
largely favorable areas extends in a southwest direc-
tion from the Independence Mountains, through the
Adobe Range, to the Pifion Range and some parts of
the northern Cortez Range. The belt includes the gold-

silver—producing Railroad and Cortez Mining Districts.

The belt parallels a prominent northeast-trending set of
linear features, and the favorable areas reflect several
overlapping predictor patterns.

The localization of mineral deposits along these belts
likely reflects upper crustal zones of weakness that are
inferred to coincide with deep-crustal flaws and boundaries.
Magmas generated deep in the crust used these crustal flaws
to penetrate higher levels of the crust and form large mineral-
izing systems. Thus, areas away from these zones of weak-
ness are less likely to have pluton-related mineral deposits.
Areas shown in figure E-4 as being favorable or prospective
outside of these belts may reflect data combinations that are
not indicative of mineralization. The data-driven methodol-
ogy and lithodiversity layer used for the assessment suggest
that virtually all of the mountain ranges in the assessment
area are favorable to prospective for pluton-related deposits,
and that adjacent sediment-filled basins are much less likely
to contain these deposits. This likely is not true in most cases,
as the lithodiversity of bedrock units beneath the sediments,
and thus perhaps the mineral resource potential, undoubtedly
is much higher than shown and possibly as high as in the
ranges. Only where the bedrock beneath basins is concealed
by more than a kilometer of sediment can the potential for
undiscovered pluton-related deposits be considered to be
nonpermissive.

The Humboldt mafic igneous complex east of Lovelock
bears some similarities, including size, to other mafic com-
plexes in the world that contain platinum-group elements
(PGE), such as platinum and palladium. However, a thorough
assessment of the Humboldt complex is not possible at this
time. Because of the variable natures and general rarity of
mafic complexes, an adequate general model for mineraliza-
tion in mafic complexes is not available for use in evaluating
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other complexes. Adding to this is the general lack of detailed
knowledge about the Humboldt complex in particular, which
limits comparison with better-studied complexes. Our current
understanding of PGE—enriched magmatic ore deposits rea-
sonably suggests that high-grade PGE deposits would not be
expected in these rocks. However, a level of uncertainty still
remains. Someone willing to accept high risk could explore
for unconventional deposit types, such as hydrothermal PGE,
or some new or variant styles of mineralized magmatic rocks
in the Humboldt mafic complex.

Sedimentary Rock-hosted Gold-Silver Deposits

Sedimentary rock-hosted gold-silver deposits in the
Humboldt River Basin contribute the vast majority of the
gold mined in the region, and economically they are the most
important types of gold-bearing deposits in northern Nevada
and the United States. The deposits currently are being mined
along five belts (“trends”) of mineral deposits: Carlin, Getch-
ell, Battle Mountain-Eureka, Independence, and Bald Moun-
tain-Alligator (fig. E-5, table E-1). Many of the deposits are
mined from deep, extremely large open pits, and recent mining
activity has exploited high-grade orebodies from underground
operations below and near the open-pit mines. Exploitation of
these deep ores has required extensive dewatering of adjacent
aquifers. The economic significance of these deposits and
their accompanying potential hydrologic impact are important
reasons for estimating the potential for and location of future
discoveries in the Humboldt River Basin.

Sedimentary rock-hosted gold-silver deposits formed in
sedimentary rocks, largely of Paleozoic age and commonly
with carbonate-bearing horizons, although a variety of rock
types host these deposits. The deposits fall into two categories:
distal-disseminated deposits and Carlin-type deposits (fig.
E-5). The distal-disseminated deposits clearly are related to
igneous activity, but, as the name implies, the deposits formed
in environments distant from the igneous centers. They tend
to have higher silver-gold ratios than the Carlin-type depos-
its, and their trace-element and isotopic signatures indicate a
genetic relation to igneous systems. Although distal-dissemi-
nated and pluton-related deposits are related genetically, these
deposits were assessed separately from pluton-related deposits
because of (1) their strict association with sedimentary rocks,
and (2) some shared geologic characteristics with Carlin-type
deposits.

In contrast, and despite several decades of research, the
formation of the Carlin-type deposits remains controversial.
Ongoing disputes include the age(s) of mineralization, the
role of igneous activity, the sources of the gold and fluids, and
the mechanisms that transported large volumes of gold-bear-
ing fluids to the sites of mineralization. Recent studies show
that the large majority of the Carlin-type mineralization took
place in the late Eocene (roughly 43-35 million years ago).
Carlin-type deposits tend to have higher gold-silver ratios
than distal-disseminated deposits, have abundant arsenic and
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antimony, and have few geochemical and isotopic attributes
that would suggest a direct igneous association. Carlin-type
deposits can be divided into north and south types (fig. E-5).
North Carlin-type deposits, found in the northern part of the
study area, are larger than those in the southern part, have a
greater abundance of arsenic minerals, and generally, but not
always, are hosted in middle Paleozoic sedimentary rocks.
The south Carlin-type deposits are smaller with lesser gold
grades, and they formed in both lower Paleozoic or upper
Paleozoic rocks. Both north and south types share many gen-
eral characteristics.

As a result of the differences within and between the two
types of sedimentary rock-hosted deposits, the assessment of
undiscovered deposits of both types of deposits involved a
complex group of assessment criteria. As shown in table E-2,
11 evidence layers were used for the overall assessment: litho-
logic units, lithotectonic terranes, northeast linear features,
proximity to thrusts and plutons, lithodiversity, basement
gravity lineaments, arsenic and the barium/sodium ratio from
geochemical data, sedimentary rock-hosted training sites, and
depth to basement.

As shown in figure E-6, the assessment of the Humboldt
River Basin indicates that undiscovered sedimentary rock-
hosted gold-silver deposits may be present along extensions of
the five known mineral trends, as well as in five broad areas in
and near the western, southern, and northeastern parts of the
basin. Ongoing exploration along the known mineral trends
(Carlin, Getchell, Battle Mountain-Cortez/Pipeline-Eureka,
Independence, and Bald Mountain-Alligator), continues to
identify new orebodies, either as extensions of known deposits
or as separate deposits that formed from the same or different
mineralizing systems. New discoveries along these trends may
be within a kilometer or two of known deposits or separated
from known deposits by several to tens of kilometers. Because
distal-disseminated deposits are the direct products of mag-
matic activity, the prospective areas in and around the Battle
Mountain Mining District reflect, in part, the influence of
the magmatic systems that are some distance from the site of
mineralization.

In addition to the known mineral trends, five addi-
tional areas (A-E in fig. E-6) are prospective to favorable for
undiscovered sedimentary rock-hosted deposits; none contain
known deposits of this type. Each area has a somewhat dif-
ferent combination of favorable assessment criteria, but all
criteria are characteristic of sedimentary rock-hosted gold-sil-
ver deposits. These areas may be candidates for future mineral
exploration. Briefly, these areas include:

¢ Sonoma-East and Tobin Range area (Area A). This
area lies to the southwest of the extension of the Getch-
ell trend and includes several gold-silver+antimony
occurrences in the Sonoma Range, East, and Tobin
Ranges. The favorable and prospective areas are
defined by geochemistry, lithologies, and proximity
to plutons and structures. These characteristics are
suggestive of distal-disseminated silver-gold deposits,
although few occurrences are known.

¢ Northumberland, north Monitor, and Toquima
Range area (Area B), including the northernmost
part of the Antelope Range. The favorable and
prospective areas reflect geochemistry, lithology, and
proximity to major thrusts and plutons. These charac-
teristics may be favorable for both Carlin-type deposits
and for distal-disseminated Ag-Au deposits.

* Bull Run, Copper, and Jarbidge Mountains area
(Area C). Geochemistry, lithology, structure, and
proximity to plutons define the favorable and prospec-
tive domains in this area. The most likely deposit type
present is distal-disseminated silver-gold deposits in
favorable lithologic horizons. Proximity to the Inde-
pendence Mountains mineral belt to the south may
imply that Carlin-type deposits also could be present.

* North Adobe Range (Area D). This area contains
the Coal Mine District and the Garamendi Mine
and Canyon Property, and it has potential for future
discoveries of polymetallic deposits, oil shale, barite,
and phosphate deposits. The tracts were constructed on
the basis of geochemistry, lithology, and proximity to
plutons and thrusts. The lithostratigraphic terrane in the
area includes the upper and lower plates of the Roberts
Mountains thrust and thus has potential for Carlin-type
and distal-disseminated deposits.

¢ North Pequop Mountains area (Area E). The area
contains the Pequop polymetallic district. All favor-
able evidence layers except the northeast-striking
lineaments contributed to defining the favorable and
prospective tracts. This area has potential for both
Carlin-type and distal-disseminated deposits.

A sixth area, in the Hot Springs Range west of the Getch-
ell trend, has criteria favorable for Carlin-type, distal-dis-
seminated, pluton-related, and, to a lesser degree, epithermal
deposits.

Epithermal Gold-Silver Deposits

Epithermal mineral deposits form at depths generally
within 1 to 2 kilometers of the Earth’s surface. They com-
monly occur as deposits in veins, but a number of deposits
formed by replacement of or dissemination of metals into per-
meable sedimentary and volcanic rocks. Epithermal deposits,
such as those along the Comstock Lode in western Nevada,
were among the first significant nonplacer mineral deposits to
be mined in Nevada, and gold and silver currently are being
produced from several other deposits in northern Nevada.
Gold, silver, mercury, sulfur, fluorine, lithium, uranium, and
manganese have been recovered from epithermal deposits
in northern Nevada, although only gold and silver currently
are being produced. These mineralizing systems vary in size
and grade, and the deposits are mined using either open-pit
or underground methods, depending on the characteristics of



the deposit being mined. Epithermal deposits in or adjacent to
the Humboldt River Basin that currently or very recently have
been mined include those at Midas, Mule Canyon, Florida
Canyon, Rosebud, and Sleeper (table E-1).

Extensive research on epithermal deposits in northern
Nevada has shown that almost all of the deposits are related
to regional volcanic systems that variously were active from
about 43 million years ago to the present. Volcanic rocks
that formed from these systems are common throughout the
western three-quarters of the Humboldt River Basin. Heat
from these systems induced deep circulation of ground water,
and faults and volcanic-related structures provided conduits
through which the water circulated. Thus, proximity to a vol-
canic center is an extremely important criterion for mineraliza-
tion. The epithermal deposits formed where the fluids neared
the surface, commonly in volcanic rocks, but also in virtually
any rock type of any age that was present at the site of miner-
alization.

The assessment criteria for epithermal deposits in the
Humboldt River Basin included (1) the type of and proximity
to volcanic and volcaniclastic rocks, (2) magnetic anomalies
that suggest the presence of mafic intrusive rocks that were
emplaced along deep crustal structures and that fed mafic vol-
canic flows, (3) arsenic anomalies that suggest that mineral-
ization took place, (4) epithermal training sites, and (5) depth
to basement (table E-2). The assessment shows that much of
the western three-quarters of the basin permissively contain
undiscovered epithermal gold-silver deposits (fig. E-7). Less-
extensive favorable areas throughout the basin reflect the
presence of rhyolite and mafic volcanic systems that formed in
the middle Miocene, roughly between about 17 and 13 million
years ago. These areas contain the vast majority of known
epithermal deposits and occurrences in the area, and field evi-
dence indicates that additional favorable mineralizing environ-
ments are present in these areas. Fairly restricted areas along
north-northwest-trending magnetic anomalies are prospective
for epithermal deposits. These zones may have served as long-
lived conduits for hydrothermal fluids in the late Cenozoic,
and various lines of evidence suggest that multiple episodes
of mineralization took place along these zones. The nature of
the epithermal assessment gave additional weight (i.e., higher
potential) to areas that contained both favorable volcanic
lithologies and magnetic anomalies. However, the areas
shown as favorable probably have mineral-resource potentials
comparable to the areas shown as prospective, and exploration
for epithermal deposits could take place in all favorable and
prospective areas.

Several young (less than 6 million years old) epithermal
deposits, as well as modern geothermal systems, have formed
in response to continued high heat flow throughout northern
Nevada. These systems can occur anywhere that high heat
flow, high-angle (generally late Cenozoic in age) faults, and
adequate groundwater are available. Examples of young epi-
thermal deposits include Hycroft near Sulphur, Dixie Com-
stock northeast of Fallon, and Relief Canyon, Standard, and
parts of Florida Canyon between Lovelock and Winnemucca;
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geothermal areas include Beowawe, Golconda, and Desert
Peak/Brady. These high-heat-flow environments are not spe-
cifically portrayed on the assessment maps, but the extensive
high heat flow makes most of the central and western parts of
the Humboldt River Basin favorable for young epithermal and
geothermal-related deposits.

Epithermal deposits formed near the paleosurface present
at the time of mineralization. Post-mineralization erosion,
volcanism, and sedimentation in the Humboldt River Basin
have unevenly preserved, destroyed, and (or) concealed the
paleosurface and related epithermal deposits. These different
levels of exposure are shown in figure E-7. As a result, many
areas in the basin and northern Nevada may contain epither-
mal deposits that are concealed by a few tens of meters to less
than a kilometer of younger rocks. Many areas are shown as
permissive on the assessment map, largely on the basis of the
absence of favorable criteria. In some cases, this absence is
a result of post-mineralization concealment, and these areas
actually may contain economic, shallowly concealed epither-
mal deposits. Although concealment makes exploration more
difficult, shallowly concealed epithermal deposits such as
Sleeper have been discovered and mined. Therefore, permis-
sive areas may be targets for future exploration. Gravity data
showing a depth to basement of more than a kilometer are, in
part, misleading because the nonbasement cover used in the
gravity modeling includes favorable volcanic rocks. Therefore,
some areas identified as nonpermissive may be more permis-
sive for undiscovered deposits than shown, especially along
their fringes where cover is thin.

Conclusions

Past and present mining activity throughout the Hum-
boldt River Basin demonstrate that the area has a world-class
endowment of metals, especially gold and silver. This regional
mineral-resource assessment indicates that undiscovered
deposits belonging to three major classes may be present in
many parts of the basin. New discoveries, albeit in a time
of limited exploration activity, are continuing to this date
(2002), and new geologic environments are being examined or
reexamined as exploration methods and concepts of mineral
deposit genesis evolve.

Favorable and prospective areas identified by this assess-
ment are present both in areas that have had little or no mining
and in known mining districts. “Grassroots” exploration
outside of known mineralized areas has, in the past, resulted
in the discovery of numerous mineral deposits, some of which
have been mined. However, “grassroots” exploration has been
curtailed severely for a number of years in northern Nevada.
Many newly discovered deposits also have been found in
established mining districts, either as extensions of previously
mined deposits or as separate deposits that formed from the
same mineralizing system. Therefore, although new areas out-
side of mining districts will be explored, areas in and around
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mining districts will continue to remain attractive targets for
future exploration simply because the processes that led to the
formation of economic deposits are known to have occurred
there.

Although economics are critically important, this assess-
ment did not consider the economic factors associated with
exploring for and mining a mineral deposit. Instead, this report
defines areas that have various geological characteristics of
known mineralized areas and may contain targets for future
mineral exploration. Within very optimal economic and tech-
nological constraints, these areas may or may not contain the
locations of future mines. Economics and corporate philoso-
phies play a significant role in where exploration for and min-
ing of new deposits takes place, even in regions such as north-
ern Nevada that have a significant potential for undiscovered
mineral deposits. Guidelines for some large companies require
that only multi-million-ounce gold deposits be considered for
further drilling and evaluation, thereby eliminating smaller but
economically viable deposits from company consideration. In
contrast, ore from some small, high-grade deposits has been
mined and trucked to processing facilities, where it is mixed
with subeconomic ore from large, low-grade deposits to pro-
duce a net economic mill output.

As demonstrated over the last 50 years in the Humboldt
River Basin, mining in any particular area may last continu-
ously or episodically for a year to several decades. This wide
variation in the duration of mining depends on many variables,
including the size of the deposit(s) being mined, discovery of

new deposits or satellite orebodies in the area, and fluctuations
in economic conditions. For example, the most recent min-
ing in the large Copper Canyon area of the Battle Mountain
Mining District continued episodically from the late 1960s to
the middle 1990s as deposits were mined out, new ones were
discovered, and the economics (metal prices, interest rates)
fluctuated. Similarly, mining along the world-class Carlin
trend has been continuous since the early 1960s. At a smaller
scale, mining at the Mule Canyon Mine east of Battle Moun-
tain started in 1996, ceased due to depressed metal prices in
2000, and restarted on a limited scale in 2002. Other depos-
its, such as Relief Canyon and Hog Ranch, had finite metal
resources and were mined out, and low metal prices have
precluded renewed exploration in those areas. Thus, activity
in a particular mining area or district can vary significantly
over the years, and mining-related activity can take place at
different times and places throughout the Humboldt River
Basin. Consequently, the role of mining-related activities in
land-use planning and impact on hydrology is dynamic and
not restricted in time and place.

The Humboldt River Basin and northern Nevada contain
numerous deposits and occurrences of elements and commodi-
ties that currently are not attractive economically and were not
evaluated in this report. Changes in the economics related to
many of these elements and commodities could induce explo-
ration for and mining of those types of deposits. If and when
that becomes the case, a separate assessment should be made
of those types of deposits.
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Geologic Events in Northern Nevada
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delineated only where geochemical data are available (within the light green line). Humboldt River Basin shown as pale
blue outline. Occurrence favorability: red, prospective; yellow, favorable; pale purple, permissive; uncolored, nonper-
missive. Dark gray areas represent Cenozoic cover deposits that are greater than 1 km thick. Area of map same as in
figure E-1.
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Figure E-6. Sedimentary rock-hosted gold-silver deposit mineral resource assessment map for northern Nevada,
showing prospective (red), favorable (yellow), permissive (blue), and nonpermissive (uncolored) tracts. Prospective
and favorable tracts were delineated only where geochemical data are available (within the light green line). Darker
gray areas represent Cenozoic cover deposits that are more than 1 km thick. Sedimentary rock-hosted gold-silver sites
shown as blue (north Carlin-type), green (south Carlin-type), and yellow (distal disseminated) squares. The Humboldt
River Basin is outlined in light blue. Major cities and roads are shown in white. Features are plotted on a background of
shaded relief of topography. Main mining districts are outlined in red. Areas outlined in black are discussed in text: A,
Sonoma-East and Tobin Range area; B, Northumberland, north Monitor, and Toquima Range area; C, Bull Run, Copper,
and Jarbidge Mountains area; D, North Adobe Range; and E, North Pequop Mountains area. Area of map same as in
figure E-1.
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Table E-1. Examples of pluton-related, sedimentary rock-hosted gold-silver, and epithermal gold-silver deposits
in the Humboldt River Basin and nearby areas, northern Nevada.

Type of Mineral Deposit Examples

Pluton-related polymetallic Battle Mountain (Fortitude, Copper Canyon, Copper Basin), Ruth, Ma-
juba Hill, Kennedy, Yerington, McCoy-Cove (in part)

Sedimentary rock-hosted gold-silver: Carlin Trend (Post-Betze, Meikle, Gold Quarry, Rain), Getchell Trend

Carlin-type (Twin Creeks, Getchell, Pinson), Independence (Jerritt Canyon, Big
Springs), Alligator Ridge, Pipeline, Cortez

Sedimentary rock-hosted gold-silver: Lone Tree, Marigold, Trenton Canyon, Bald Mountain, Bullion, McCoy-

distal-disseminated Cove (in part), Toiyabe

Epithermal gold-silver Midas, Mule Canyon, Tuscarora, Sleeper, Florida Canyon, Buckskin-Na-

tional, Adelaide Crown, Goldbanks, Rosebud, Hycroft, Ivanhoe

Table E-2. Evidence (data) layers used for data-driven component of mineral resource assessments of pluton-
related, sedimentary rock-hosted gold-silver, and epithermal gold-silver deposits, Humboldt River Basin, Nevada.

Evidence Pluton-Related Polyme- Sedimentary Rock- Epithermal Gold-Silver
Layer tallic Hosted Gold-Silver
Geology
Lithologic Units
Lithotectonic Terranes X
Tertiary Volcanic Lithologies X
Northeast Linear Features X
Thrust Proximity X
Pluton Proximity X X
Lithodiversity X X
Geophysics
Basement Gravity Lineaments X X
Basement Gravity Terranes X
Magnetic Terranes X
Depth to Basement (Gravity) X X X
Geochemistry
Arsenic X X X
Barium/Sodium Ratio
Copper-lead-zinc Signature X
Mineral Deposits
Training Sites X X X
Skarn Proximity X




Chapter 1

Introduction to the Humboldt River Basin Mineral

Resource Assessment
By Alan R. Wallace

Introduction

Northern Nevada has a rich endowment of metallic
mineral deposits, and, at various times, it has been one of the
nation’s leading producers of gold, silver, copper, mercury,
and tungsten. Currently, Nevada is the third largest producer
of gold in the world, and the area is the site of active explora-
tion for other deposits. The Humboldt River Basin (HRB)
in northern Nevada includes many of the large open-pit and
underground gold mines in northern Nevada. Roughly 70
percent of Nevada is composed of Federal lands; in northern
Nevada, these lands largely are under the stewardship of the
U.S. Bureau of Land Management (BLM) and the U.S. For-
est Service. Many of the known mineral deposits in northern
Nevada underlie these areas.

The Humboldt River and its many tributaries form a
43,000-km?, internally drained hydrologic basin that covers a
large part of northern Nevada (fig. 1-1). The main stem of the
Humboldt River starts in northeastern Nevada near the town
of Wells, and it flows west and then south to the Humboldt
Sink southwest of Lovelock, where the water evaporates. The
Reese River subbasin, which forms the largest subbasin in the
Humboldt River drainage system, drains north from north of
Tonopah and joins the Humboldt River at Battle Mountain
(fig. 1-1). Water in the basin is used for agriculture, munici-
palities, livestock, mining, and recreation (fishing, boating).
Dewatering of large open-pit and deep underground mines
has modified water tables near those mines, and the water is
diverted to agriculture uses, recharged into the aquifers, or

discharged directly into the Humboldt River and its tributaries.

An earlier mineral assessment of the Winnemucca-Sur-
prise Resource Areas in northwestern Nevada and northeast-
ernmost California included the western third of the HRB
(Peters and others, 1996). In 1996, in order to facilitate long-
term land-use planning in the region, and the HRB in particu-
lar, BLM requested that the U.S. Geological Survey (USGS)
“extend [the] Winnemucca-Surprise type minerals project
for the remaining Humboldt River Basin” (T. Leshendock,
BLM, written commun., 1996). To that end, this study of the
entire HRB provides data that suggest where exploration and
mining activity might occur outside of known mining districts
and other areas of known mineral deposits. These areas may
include future locations of mine dewatering.

This report provides an assessment of undiscovered depos-
its of Au, Ag, Cu, Pb, and Zn (see list of abbreviations in table
1-1) in Nevada north of latitude 38°30’, an area that includes the
Humboldt River Basin (fig. 1-1). These elements were chosen
because they likely will be the elements of greatest economic
interest in the next ten or so years. The assessment focused on
three types of mineralizing systems that contain one or more
of those elements: pluton-related (chapter 7), sedimentary
rock-hosted Au-Ag (chapter 8), and epithermal Au-Ag deposits
(chapter 9). Northern Nevada contains more than 40 different
types of metallic mineral deposits, on the basis of the taxonomy
of Cox and Singer (1986). Many deposits formed in one of the
three types of mineralizing systems, and mineral exploration
in northern Nevada traditionally has focused on systems rather
than on individual deposit types. Platinum-group elements,
such as Pt and Pd, have not been mined in northern Nevada.
However, continued and projected high prices for these ele-
ments, and the presence of favorable plutonic environments for
their occurrence, suggests that these environments may become
targets for mineral exploration. As such, these types of deposits
are discussed, but not specifically assessed, in the chapter on
pluton-related mineral deposits (chapter 7).

This interdisciplinary mineral assessment included
geology, geophysics, geochemistry, and computer modeling.
Significant new data were acquired through parallel projects in
the USGS Mineral Resources Program, including the Northern
Nevada Gold Project and the Surveys and Analysis Project, and
those data were used in the assessment. As a result, many exist-
ing databases were updated and revised using the new results.
These databases are discussed in ensuing chapters in this report.

By assessing the entire northern half of the State (fig.
1-1), the assessment was able to consider geologic and
mineral deposit features outside of the HRB that potentially
could point to undiscovered mineral deposits within the
basin. This broader area includes the Winnemucca-Surprise
Resource Area of northwestern Nevada (Peters and others,
1996). The present assessment updates the assessment of the
Winnemucca-Surprise area, thereby permitting a consistent,
regional mineral evaluation.

The results of this mineral assessment reflect our current
(2001) knowledge and understanding of the geology, geophys-
ics, geochemistry, and mineral deposits of northern Nevada.
New data acquired during the course of this project modestly
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to significantly changed our understanding of some of these
concepts, and ongoing exploration by industry continues to
identify new mineralized areas and mineral deposits. This evo-
lution of thought and acquisition of new data will not dimin-
ish, and the results of this assessment should be used with
evolving concepts in mind.

The organization of this report builds towards the final
three assessment chapters. Chapter 2 (Assessment Methodol-
ogy) describes the methods and databases used for this assess-
ment, and chapter 3 (Use of the Assessment) guides the user
on the best way to use the assessment. Chapters 4 through 6
supply background information on the geology, geochemical
data, and geophysical data, respectively, that were used for this
assessment. Chapters 7, 8, and 9 provide the mineral resource
assessments for undiscovered pluton-related, sedimentary
rock-hosted Au-Ag, and epithermal mineral deposits, respec-
tively, in northern Nevada and the HRB.

Definition of Terms Used in This Report

The definitions and concepts used in this report are
adopted from those used in the Winnemucca-Surprise mineral
assessment (Peters and others, 1996). Terms and concepts used
to describe and define the rankings of undiscovered mineral-
resource potential are defined in chapter 2. Additional defini-
tions and concepts are described elsewhere (Cox and others,
1986; John and others, 1993). Geologic terms can be found in
common geologic glossaries, such as the Glossary of Geology
(Bates and Jackson, 1987).

* A mineral occurrence is “... a concentration of a
mineral ... that is considered valuable by someone
somewhere or that is of scientific or technical inter-
est” (Cox and others, 1986). Occurrences are useful to
identify areas where mineralizing processes took place,
regardless of economic value.

* A mineral deposit is ... a mineral occurrence of suffi-
cient size and grade that it might, under the most favor-
able of circumstances, be considered to have economic
potential” (Cox and others, 1986). This includes those
mineral occurrences that have been tested through
drilling in the third dimension to the point that a grade
(amount of metal per unit of rock) and tonnage (total
weight of mineralized rock) can be assigned to the
volume of rock with some level of confidence.

* An ore deposit is “... a mineral deposit that has been
tested and is known to be of sufficient size, grade, and
accessibility to be producible to yield a profit” (Cox
and others, 1986). “Profit” applies to conventional
supply-demand economics, yet national needs at times
might require mining at a financial loss when it is in
the Nation’s best economic and societal interests. In
addition, the economic viability of a mineral deposit
can vary with time, depending on the value of the con-

tained metals and the costs related to extracting them
from the ground. An ore deposit generally includes the
geologic reserve, which is mineable within economic
constraints, and the geologic resource, which includes
the grade and tonnage of all the mineralized volume
of rock, regardless of economic factors. The mineral-
ized volume of rock, including the ore deposit itself,
commonly is broken down by variable grades, some
economic and some not, as well as the current price of
the sought-for commodity.

* A mining district is an area that includes a few to many
mines and prospects. Mining districts were organized
by the miners as a mechanism to govern mining and
related regulations in those areas. Districts can include
one or more different mineral deposit types, and a
single mineral deposit can be part of more than one
district, depending on how and why the districts were
established. This assessment generally used the names
and locations of Nevada mining districts described by
Tingley (1992). In some instances, however, the extent
of a mining district was modified somewhat to include a
number of similarly formed deposits.

* A mineral deposit trend is a generally linear array of
mineral deposits. The deposits in a trend may or may
not be geologically related. Examples in the HRB
include the Carlin, Getchell, and Battle Mountain-
Eureka trends, which include a variety of mineral
deposit types, and the northern Nevada rift (John and
others, 2000), which includes a linear belt of geneti-
cally related epithermal mineral deposits.

The names of various mining, milling, and mineral explo-
ration methods are mentioned in this report to help describe
the different shapes, sizes, and depths of ore bodies. Readers
interested in these methods are referred to Peters (1978) or
other mining- and mining-engineering-related books for more
information on these topics.

Previous Work

Innumerable geologic studies have focused on northern
Nevada and the HRB area. This work dates back to the mid
1800s, when studies of newly discovered mineral deposits led
to reports on the geology of the important mining camps of
the day. Geologists even studied the geology along the route
of the Transcontinental Railroad (Lee and others, 1915), both
to understand the potential for undiscovered mineral resources
along the railroad and to provide popular “in-transit” guides
for travelers (and potential investors) during their journeys.

The State geologic map of Nevada (Stewart and Carlson,
1978; Stewart, 1980) provides the best overall geologic setting of
northern Nevada and the HRB. This map in large part was derived
from county geologic reports that, in northern Nevada, include
Elko (Coats, 1987; LaPointe and others, 1991), Humboldt (Will-
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den, 1964), Lander (Stewart and McKee, 1977), Eureka (Roberts
and others, 1967), Pershing (Johnson, 1977), Churchill (Willden
and Speed, 1974), northern Nye (Kleinhampl and Ziony, 1984),
Lyon, Douglas, and Ormsby [Carson City] (Moore, 1969), White
Pine (Hose and others, 1976), and Washoe and Storey (Bonham,
1969) counties. In addition, the published literature is replete with
detailed studies on virtually all aspects of the geology, geochemis-
try, and geophysics of northern Nevada.

Many reports, a number of which are cited in other chap-
ters in this report, define the regional metallogeny, the geology
and mineral deposits of mining districts, and specific mines in
northern Nevada. These studies range from the early work in
the 1800s to very recent work that was published in 2000 in
the Geological Society of Nevada’s symposium proceedings
volumes (Cluer and others, 2000).

A number of studies focused on the mineral resources and
the potential for undiscovered resources in northern Nevada.
Bonham and others (1985) conducted a mineral inventory
in the Paradise-Denio and Sonoma-Gerlach BLM Resource
Areas of northwestern Nevada, and Garside and Davis (1992)
inventoried mineral resources in the Nevada part of the Susan-
ville Resource Area in westernmost Nevada. At the request of
the BLM and the U.S. Forest Service, the USGS assessed the
mineral resources of many wilderness and wilderness study
areas in northern Nevada. These and related investigations by
the U.S. Bureau of Mines were summarized by Marsh and
others (1984) and Conrad (1990). In 1996, the USGS published
the results of a mineral resource assessment of the Winnemucca
BLM district of northwestern Nevada and the Surprise
Resource Area of northeastern California (Peters and others,
1996). The present assessment includes and updates the Nevada
part of the Winnemucca-Surprise study area.

General studies that relate specifically to Wilderness
Study Areas in northwestern Nevada were conducted for

the BLM and were summarized by Barringer Resources,

Inc., (1982) and Connors and others (1982). Miller (1993)
conducted an inventory of mineral occurrences and a study

of mineral-resource potential in the proposed High Rock
National Conservation Area. Reports by Greene (1976, 1984)
and Greene and Plouff (1981) described the resource potential
for precious opal, uranium, mercury, and gold in the Charles
Sheldon Antelope Range and Sheldon National Antelope Ref-
uge in northwestern Nevada. A study of the mineral-resource
potential of Nevada (Ludington and others, 1993; Singer,
1996) provides substantial data that have been incorporated
into parts of this assessment.
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Figure 1-1. Location map of northern Nevada, showing the outline of the Humboldt River Basin (blue
line) and towns, cities, counties (italics), and major roads. This part of Nevada represents the “study
area” described in this mineral assessment report and is shown in many figures throughout this report.
Specific locations described in the various chapters of this report are shown in figures accompanying
those chapters.
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Table 1-1. List of abbreviations used in the Humboldt River
Basin mineral assessment report.

Chemical elements

Ag Silver Na Sodium
As Arsenic Ni Nickel

Ba Barium Pb Lead

Bi Bismuth Pd Palladium
Au Gold Pt Platinum
Co Cobalt S Sulfur

Cu Copper Sb Antimony
F Fluorine Se Selenium
Fe Iron Te Tellurium
Hg Mercury Tl Thallium
K Potassium U Uranium
Mo Molybdenum w Tungsten
Mn Manganese Zn Zinc

Grade, tonnage, concentration

t Ton (2,000 pounds)
oz/ton Ounces per ton (of element listed)
tonne Metric tons (0.91 English tons)
kg Kilogram
km Kilometer
ppm Parts per million
ppb Parts per billion
Miscellaneous

BLM U.S. Bureau of Land Management

GIS Geographical Information System
HRB Humboldt River Basin

MRDS Mineral Resources Data System
NURE National Uranium Resource Evaluation
Ma millions of years

m.y. million years

USG U.S. Geological Survey

WLR Weighted Logistic Regression
WofE Weights of Evidence

! Some specific abbreviations are defined where they are used in the text.
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Chapter 2

Assessment Concepts and Methodology

By Mark J. Mihalasky and Alan R. Wallace

Inroduction

The purpose of this mineral-resource assessment was to (1)
assess the favorability for undiscovered pluton-related, sedimen-
tary rock-hosted, and epithermal metallic mineral occurrences
and deposits in the Humboldt River Basin (HRB) and adjacent
areas, (2) provide an analysis of the mineral-resource favor-
ability (Bonham-Carter, 1994) that can be reproduced on the
basis of the data and defined assumptions, and (3) present that
assessment in a digital format, using a geographic information
system (GIS). The assessment was carried out for the whole
of northern Nevada north of latitude 38°30°, which is referred
to as the “study area” (fig. 2—1). Previous small-scale U.S.
Geological Survey (USGS) mineral-resource assessments in
northern Nevada include the Nevada assessment (Singer, 1996),
the Winnemucca-Surprise Resource Areas (Peters and others,
1996), and the Reno 1° x 2° quadrangle (John and others, 1993).
These assessments used qualitative, expert-based approaches to
determine the favorability for undiscovered mineral deposits.
The HRB assessment used digital data and an initial phase of
knowledge-driven (expert) analysis, followed by data-driven
analysis and modeling techniques to create a number of min-
eral-resource assessment maps. The assessment was conducted
by a team of USGS mineral-resource experts, and it consists of
(1) new research and up-to-date reviews of the geology, mineral
resources, and data for northern Nevada, (2) mineral-resource
assessment maps, and (3) discussions on land classification and
how to interpret and use the assessment maps. An ancillary part
of the HRB mineral-resource assessment was to reproduce the
results of previous assessments, specifically the Winnemucca-
Surprise and Nevada assessments.

The following sections provide an overview of how the
assessment was carried out, as well as discussions on mineral
deposits, analysis and modeling techniques, and data.

Mineral Deposits and Models

Mineral deposits form in a wide variety of mineralizing
environments. Cox and Singer (1986) compiled a taxonomy for
these mineral deposit “types.” In some cases, one mineralizing
system or process may produce only one mineral deposit type,
such as placer deposits along streams. In other cases, a single

mineralizing system can form several different types of deposits,
such as skarn, polymetallic vein and replacement, and various
porphyry-type deposits related to a single intrusive body. In the
Winnemucca-Surprise mineral-resource assessment (Peters and
others, 1996), mineral deposits were assigned to specific deposit
types of Cox and Singer (1986), and a separate assessment was
made for each of the 28 metallic mineral deposit types in the
study area (table 2 of Peters and others, 1996).

This mineral-resource study of the HRB assessed the
potential for undiscovered mineralizing systems (pluton-
related, sedimentary rock-hosted Au-Ag, and epithermal
Au-Ag) and contained mineral deposits and occurrences,
instead of the specific deposit types related to those systems.
Thus, the resulting assessment tracts for deposits and occur-
rences that formed from a pluton-related mineralizing system,
for example, can contain more than one of the pluton-related
deposit types defined by Cox and Singer (1986). The rationale
for this approach was that (1) mineralizing systems are larger
than individual mineral deposits, (2) mineralizing systems can
form more than one individual deposit type, and (3) the pres-
ence of one mineral deposit type might indicate the presence
of a larger system. In some locations, the various deposit types
in a mineralizing system represent a continuum of site-specific
processes of mineral deposition. As a result, the economic
viability of any part(s) of the mineralizing system is a function
of its metal endowment. Thus, the approach that was taken in
the HRB assessment addresses areas where mineralizing pro-
cesses took place over relatively large areas to form concentra-
tions of metallic minerals.

Three fundamental types of mineralizing systems are
addressed in the HRB mineral-resource assessment: (1) plu-
ton-related, (2) sedimentary rock-hosted Au-Ag, and (3) epi-
thermal. Although these three systems can have some genetic
and spatial overlap, their features and origins are sufficiently
distinct to allow them to be evaluated separately. These three
types of mineralizing systems account for most important lode
metallic mineral deposits discovered in northern Nevada since
the middle of the Nineteenth Century. They are important
sources of gold, silver, copper, lead, zinc, and molybdenum.
Pluton-related systems also have potential for producing plati-
num-group elements (PGE). Descriptions of these systems and
the geologic criteria used for their assessment are detailed in
chapters 7, 8, and 9.
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Land Management, Classification, and
Mineral-resource Assessment Tracts

USGS mineral-resource assessments of public lands recog-
nize that land-managing agencies, in this case the BLM, require
judgments about differing levels of mineral-resource favorabil-
ity to aid in land-use planning activities. Thus, the purpose of a
mineral-resource assessment is to estimate the relative favor-
ability for undiscovered mineral deposits for a given region. It
can be used to identify where minerals exploration and develop-
ment activity may occur in the future. The assessment and its
products can facilitate decision-making processes by extending
the possible options for future land use and stewardship.

In previous mineral-resource assessments, such as the
BLM Wilderness Study Areas (Conrad, 1990), relative levels
of favorability for undiscovered deposits were described in
qualitative terms like “high,” “moderate,” and “low,” as well
as “no mineral potential” and “unknown mineral potential.”
More recent studies, such as the Nevada (Singer, 1996) and
Winnemucca-Surprise (Peters and others, 1996) assessments,
used the concepts of “permissive terranes” and “favorable
tracts,” in combination with estimates of numbers and size of
undiscovered deposits, in order to quantify predicted resources
(Menzie and Singer, 1990; Singer, 1993). Prior to the HRB
assessment, all USGS mineral-resource assessments in Nevada
(see Peters and others, 1996; Cox and others, 1996; John and
others, 1993; Conrad, 1990) used exclusively knowledge-
driven methods to define areas of relative favorability for
undiscovered deposits.

The HRB mineral-resource assessment adopted the termi-
nology used in the Winnemucca-Surprise assessment, includ-
ing the terms “nonpermissive,” “permissive,” “favorable,”
and “prospective” tracts, as introduced by Peters and others
(1996). As defined here, a “mineral-resource assessment tract”
is a geographic region (a tract of land) that has been deter-
mined to possess geologic attributes that allow for the occur-
rence of mineral resources of a particular type(s). For the HRB
mineral-resource assessment, tracts have been delineated that
show favorability for pluton-related, sedimentary rock-hosted,
and epithermal mineralized systems and contained occurrences
and deposits.

Because the techniques used to delineate mineral-
resource assessment tracts for the HRB assessment are differ-
ent from those used in the Winnemucca-Surprise assessment,
the terms as used here do not have the same meaning. The
nonpermissive and permissive tracts delineated in the HRB
mineral-resource assessment are similar to those used and
defined in the Nevada assessment (Cox and others, 1996), dif-
fering only in the depth-to-basement maps used to define areas
of thick Cenozoic volcanic or sedimentary deposits. In gen-
eral, permissive areas are regions that might contain a mineral-
ized system within a depth of 1 km beneath the surface. These
tracts may or may not contain mineral deposits or occurrences,
and their designation as permissive does not necessarily imply
that any resources, if they are present, will be discovered. This
designation is based on the presence of one or more geologic

factors that the assessment team considered to be important,
some of which may be widespread, and that are known to
have been involved with the formation of mineral deposits
and occurrences elsewhere in the assessment area. By defini-
tion, permissive tracts include favorable and prospective areas
and thus are considered to contain virtually all undiscovered
deposits of a certain type or group. Nonpermissive tracts are
those areas judged to have a negligible probability of contain-
ing a mineral deposit or occurrence, or that are covered by
more than 1 km of Cenozoic rocks or alluvial sediments. As
described by Singer (1993), these areas have roughly less than
a 1 1in 100,000 to 1,000,000 chance of containing undiscov-
ered deposits of the type being assessed. The nonpermissive
designation is based on absence of geologic environments and
(or) known mineralizing processes that are understood to be
necessary for formation of the type of mineral occurrence or
deposit under consideration.

The favorable and prospective tracts delineated in the
HRB mineral-resource assessment, although derived in a
manner different from the Winnemucca-Surprise assessment,
convey roughly similar concepts in terms of resource favor-
ability because they both represent “moderate” and “high”
levels, respectively. The HRB assessment team created and
(or) selected datasets for mineral-resource analysis and model-
ing that represent a number of important regional processes
believed to be related to formation of mineral deposits and
occurrences. The relative rankings of the tracts reflect the
combination of these datasets for each type of mineralizing
system assessed. For a given combination, the contribution
of each dataset to the level of favorability is derived math-
ematically from the spatial association between the distribu-
tion pattern of the known mineral occurrences and deposits
and the geoscientific phenomena represented in the dataset.
For example, if the mathematical calculations determine that
mineral occurrences and deposits have a greater spatial asso-
ciation with geochemical anomalies than with a geophysical
anomalies, then the geochemical anomalies contribute more
to the level of favorability than do the geophysical anomalies.
The implication is that certain dataset combinations represent
a greater likelihood that mineralizing processes took place in
a given area than other combinations. Thus, a prospective area
represents the optimum combination of the datasets, whereas
a favorable area consists of a somewhat less optimum, but still
relatively significant, combination. Combining the datasets
and determining the threshold between prospective and favor-
able also is done mathematically. The shape and distribution
of the prospective and favorable tracts is determined by the
overlap intersections among the patterns of geoscientific phe-
nomena represented in each of the datasets.

The following sections describe in detail the vari-
ous concepts, methods, and datasets used in the assessment
process. Knowledge- and data-driven analysis and modeling
methods are described immediately below. The datasets used
for data-driven modeling are described later in this chapter and
discussed in greater detail in each of the respective mineral
deposit type assessment chapters (chapters 7-9).



Analysis and Modeling Methodologies

The HRB mineral-resource assessment delineated non-
permissive, permissive, favorable, and prospective assessment
tracts using a combination of knowledge- and data-driven
analyses and modeling techniques. This hybrid approach,
illustrated in figure 2-2, was used to maximize the use of
expert knowledge, and to analyze and integrate the data in a
reproducible manner.

Expert knowledge was used to (1) create, select, and
appraise datasets for data-driven modeling, (2) delineate
permissive and nonpermissive assessment tracts (Cox and
others, 1996), and (3) evaluate and revise preliminary mineral-
resource assessment maps derived from data-driven modeling.
In addition, expert knowledge was used to evaluate the final
assessment maps produced by data-driven modeling, including
discrepancies between the models and known geologic and
mineral deposit relations. These evaluations are presented in
the three assessment chapters (chapters 7-9). Given the avail-
able data, the assessment team concluded that the nonpermis-
sive—permissive tract boundary was best delineated by the
knowledge-driven Nevada assessment (Cox and others, 1996),
rather than by data-driven means.

Data-driven modeling, including weights-of-evidence
(WofE) and weighted logistic regression (WLR), was used to
delineate the preliminary and final prospective and favorable
assessment tracts. The WofE technique was used to analyze
the bivariate spatial associations among the datasets. In some
cases, the databases selected by the assessment team had a high
conditional dependence. WLR avoids bias caused by combining
datasets that are conditionally dependent (mutually interrelated;
Agterberg, 1992, Agterberg and others, 1993, Bonham-Carter,
1994, and Singer and Kouda, 1999). Thus, the WLR technique
was then used to model (combine) the datasets and delineate the
prospective and favorable assessment tracts.

WofE and WLR modeling were carried out using the
ArcView® GIS extension “Arc—SDM” (Spatial Data Mod-
eller), developed by the USGS and the Geological Survey of
Canada (Kemp and others, 2001). The WofE method is based
on a technique originally developed for nonspatial medical
diagnosis (Spiegelhalter and Knill-Jones, 1984). Bonham-
Carter and others (1989) and Agterberg and others (1990)
modified the original technique to deal with spatial predic-
tion—*“diagnosing” mineral occurrences and deposits using
the “symptoms” of various geoscientific phenomena. Wright
and Bonham-Carter (1996) applied WofE to mineral-resource
exploration and they predicted the location of a new discovery
in Canada that was made in a favorable area. In Nevada, using
mineral deposits and occurrences that represent mineralizing
systems similar to those considered in this assessment, Raines
(1999) and Mihalasky (2001) demonstrated that WofE yields
assessment tracts that are comparable to expert-delineated
tracts of the Nevada assessment (Cox and others, 1996).

The WLR method was derived from a suggestion by Tukey
(1972) that logistic regression techniques could be applied to
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resource analysis. Mineral-resource studies that applied logistic
regression using unweighted, equal-area, cell-base datasets were
first carried out by Agterberg (1974), Chung (1978), and Chung
and Agterberg (1980). The application of WLR, using unequal-
area, polygon-based datasets that are weighted according to
polygon size, was introduced by Agterberg (1992) and Agterberg
and others (1993) and studied further by Wright (1996). Regres-
sion techniques generally seek to establish a relationship between
aresponse variable (mineral deposits and occurrences) and one or
more predictor variables (geoscientific phenomena). The logistic
regression technique is applied when the response variable is
binary, such as the presence or absence of a deposit or occurrence.
In terms of regression, the response variable is affected by (or per-
haps “caused by”) the predictor variable (McGrew and Monroe,
1993). The algorithm and methodology used here is described in
Agterberg (1989, 1992) and Agterberg and others (1993).
Data-driven modeling was performed by the senior
author, with assistance from Gary L. Raines; other assessment
team members provided advice during the early stages of the
modeling. The mineral-resource tract maps that resulted from
the final modeling were then furnished to the assessment team
members for inclusion and evaluation in the pluton-related,
sedimentary rock-hosted, and epithermal assessment chapters
(chapters 7-9). A review of the knowledge- and data-driven
concepts, terminology, and techniques is given below.

Knowledge-Driven Component

The knowledge-driven component of the HRB mineral-
resource assessment is composed of a large body of conceptual
and qualitative data, information, and experience. This expert
knowledge derives from field-based studies of the geology and
mineral resources in northern Nevada conducted by assessment
team members and from various publications and communica-
tions by other researchers. An essential aspect of this knowledge
base was ongoing interaction of the assessment team with the
mining industry in northern Nevada, which provided important
information on exploration and ore-genesis concepts and access
to many active mines and mineralized properties in the area.

Expert knowledge was used directly and indirectly
throughout the assessment process and construction and
interpretation of the WofE—WLR-based mineral-resource tract
maps. Experience and expert-based information were used
to select and modify datasets used for data-driven analysis
and modeling, as well as to evaluate and interpret the results.
In keeping with the BLM request that the assessment team
“extend [the] Winnemucca-Surprise type minerals project for
the remaining Humboldt River Basin” (T. Leshendock, BLM,
written commun., 1996), many of the geologic criteria and
concepts used for that assessment (shown in table 5 of Peters
and others, 1996) were used for the HRB assessment. In con-
trast to the HRB assessment, the various assessment tracts for
Winnemucca-Surprise were drawn empirically by hand using
the various available data and expertise of the assessment
team. Data-driven methods were not used.
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Beginning in 1999, the HRB assessment team, with the
goal of producing a digital, reproducible assessment, cre-
ated, selected, and evaluated a wide variety of individual
digital datasets (or various combinations thereof) in an
attempt to replicate both the concepts and the tracts defined
for Winnemucca-Surprise. Using a GIS and qualitative sup-
port from published information and team expertise, these
digital maps (“preliminary mineral-resource tract maps”)
were compared iteratively against the Winnemucca-Surprise
assessment tract maps. The team ultimately was satisfied that
the digital maps chosen (the “evidence maps” defined below)
showed reasonable, but admittedly not precise, agreement with
the Winnemucca-Surprise tract maps. This inconsistency in
part came from (1) the use of somewhat different databases
or database combinations, (2) the ability of the Winnemucca-
Surprise team to modify tract boundaries on the basis of
local geologic information, and (3) the increased knowledge
of the geology and mineral deposits of the region since the
Winnemucca-Surprise assessment was conducted. Similarly,
the concepts regarding regional metallogeny that were used
for Winnemucca-Surprise generally, but not exactly, were
reproduced for the overlapping HRB area. Overall, the HRB
assessment team concluded that the Winnemucca-Surprise
assessment was reproducible using digital data, and that these
data could be applied consistently throughout the HRB study
area. On the basis of these knowledge-driven preliminary
assessments, the assessment team created, selected, and (or)
modified the final datasets used for the subsequent data-driven
analysis and modeling of pluton-related, sedimentary rock-
hosted Au—Ag, and epithermal Au-Ag deposits in northern
Nevada and the HRB. As much as possible, the rationale for
making such decisions is provided in each of the respective
mineral deposit type assessment chapters (chapters 7-9).

Data-Driven Component

The data-driven modeling component of the HRB
assessment used (1) WofE to measure the spatial association
between point-objects and patterns, and (2) WLR to math-
ematically combine the patterns to predict the distribution of
the point-objects (see Agterberg and others, 1993). As applied
to mineral-resource assessment, the patterns represent maps of
geoscientific phenomena that are likely to be useful predictors
and are referred to as “evidence maps.” These typically include
maps of lithology, structure, geochemical and geophysical
anomalies, as well as remotely sensed images and other earth-
observation data. The point-objects represent known mineral
occurrences and deposits, and are referred to as “training
sites.” Training sites are used to identify and weight the impor-
tance of predictor patterns on the evidence maps. Training
sites collectively possess characteristics that are common to a
particular deposit type or mineralizing system, such as those
evaluated for the HRB assessment. It is presumed that the
presence and locations of the training sites enable prediction
by identifying evidence map patterns that cover areas where

sites may be present but not yet discovered. A single “favor-
ability map” is output from the data-driven modeling proce-
dure. It consists of integrated predictor patterns and represents
the spatial distribution of training sites in terms of the spatial
distribution of predictor patterns. The favorability map high-
lights areas that have combinations of evidence map charac-
teristics similar to those at the training sites. These highlighted
areas comprise only the favorable and prospective areas on the
HRB mineral-resource tract maps. The complete assessment
tract map was created by merging favorable and prospective
tracts, which were defined using data-driven methods, with
the permissive and nonpermissive tracts, which were defined
using knowledge-driven methods.

The data-driven modeling component of the HRB min-
eral-resource assessment has three parts: (1) measurement of
spatial association between the training sites and the evidence
maps, (2) optimization of the evidence maps for prediction, and
(3) combination of the optimized evidence maps. Parts one and
two used WofE analysis; part three used WLR (fig. 2-3).

In part one, conditional probabilities that involve area
proportions were used to determine the spatial association
between the training sites and an evidence map. Each evidence
map unit was treated individually as a binary pattern (evidence
map unit present or absent), and is composed of the area of
the particular evidence map unit being evaluated and the
combined total area of the remaining evidence map units. A
training site likewise was regarded as present or absent. Each
training site has equal importance, and the training sites were
not classified or weighted in WofE with regard to the size,
grade, or tonnage. A training site was assumed to occupy a
small unit-cell area, which for this assessment is 1 km?.

Two weights of spatial association were calculated with
respect to the training sites: W+ for a particular evidence map
unit present, W~ for absent. The value of the weights were cal
culated from the ratio of training sites that fall on a particular
evidence map unit to the total number of training sites, which
is divided by the ratio of the particular evidence map unit
area to the total evidence map area. Where no spatial associa-
tion exists, the weights are both zero. Where there are more
training sites in a particular evidence map unit than would be
expected due to chance, W* is positive and W~ is negative.
Where data is unknown or missing due to incomplete evidence
map coverage, the weights are assigned the value zero. The
weights can be combined into a single coefficient called the
contrast (C), where C = W* — W~ . C provides a useful measure
of the strength of the spatial association between the training
sites and the individual evidence map units. C is zero when
the training sites and an individual evidence map unit overlap
by the expected amount due to chance. C is greater than zero
for positive spatial associations and less than zero for negative
associations. The significance of C is estimated by calculating
its Student value, or “Studentized C,” which is the ratio of C to
its standard deviation.

In part two, the evidence maps were reclassified into two
units (absence or presence of a predictor pattern), such that the
spatial association between the training sites and an evidence



map is optimized (as discussed below). Although reclassifica-
tion to more than two or three units is possible, evidence maps
of just a few units yield more stable and meaningful weights of
spatial association and facilitate interpretation of the favorability
map. As a result of reclassification, the strongest predictor pat-
terns are grouped and preserved, which in turn, when combined
with other evidence map predictor patterns, yields a mineral
resource assessment tract that is conservatively delineated.

The reclassification of the evidence maps involved both
objective and subjective methods. For each evidence map, an
individual evidence map unit that is highly correlated (spa-
tially) with the training sites may be selected as predictive
evidence, or multiple evidence map units may be grouped in
such a way as to maximize the spatial association between the
training sites and the evidence map. The weight estimates, the
value of C, the variances of the weights and C, and the sig-
nificance of C, are used to identify and evaluate evidence map
units that are optimal for prediction.

Nominal (categorical) scale evidence maps, such as
geological maps, were reclassified by grouping individual units
that show strong spatial associations with the training sites. This
reclassification was guided in part by expert knowledge and in
part by combinations that produced the strongest and most geo-
logically and (or) statistically significant spatial associations.

Ordinal (or ranked), interval, and ratio scale evidence
maps, such as geophysical or geochemical anomaly maps, or
distance buffer maps, were reclassified by grouping successive
cumulative evidence map unit areas. The optimum threshold
was determined by the number of successively combined units
that collectively demonstrated the strongest spatial associa-
tion. The grouping of evidence map units and the determina-
tion of optimum threshold was performed using a graph that
plots area-cumulative C along the y-axis and distance buffers
or anomaly intensities along the x—axis, as shown in figure
2-4. In this example, the peak of the area-cumulative C curve
occurs at the 3rd interval on the x—axis. The evidence map is
optimized by reclassifying into two units, 0-3 and 3-10. For
the HRB mineral-resource assessment, all evidence map opti-
mization was performed in this manner, except where the C
peak was determined to be an edge-effect artifact of the study
area boundary. In such instances, the next highest C peak was
chosen. Using the C peak to determine the optimum thresh-
old is the traditional approach (Bonham-Carter, 1994), but
alternative approaches that use of maximum significance of C
(Cheng and others, 1994; Smailbegovic, 2002) or the weights-
crossover (Leonard and others, 2002) have been implemented.
Generally speaking, the traditional, maximum C approach
serves to exclude areas unlikely to host training sites, and
is characterized by large, broadly defined predictor patterns
with W* magnitudes that are significantly smaller than W".
The maximum significance of C approach serves to include
smaller areas more likely or favorable to contain deposits, and
is characterized by small, narrowly defined predictor patterns
with W* magnitudes that are significantly larger than W. The
weights-crossover approach yields a balance between the
maximum C and maximum significance of C approaches.
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The optimized evidence maps served as the prediction
criteria for the occurrence of pluton-related, sedimentary rock-
hosted Au—Ag, and epithermal mineralizing systems. These
criteria were solely derived from the spatial association between
the training sites and the evidence maps (as discussed above). In
some cases, these criteria do not agree with expert knowledge
that is based on known field relations or geologic processes
in northern Nevada. The criteria, the disagreements, and how
they were used to evaluate and revise the mineral-resource tract
maps, are described and discussed in each of the respective
mineral deposit type assessment chapters (chapters 7-9).

In part three, the WofE-optimized evidence maps were
combined using WLR to produce the favorability map,
which represents only prospective and favorable mineral-
resource tracts. In the WLR approach, predictive evidence
was weighted according to the combined area of a particular
unique overlap condition among various evidence maps and by
the number of training sites that fell within the unique over-
lap condition. The absence or presence of the training sites
was first determined, and then a simultaneous solution, using
an inverted matrix technique, was performed to estimate the
degree of spatial association between the training sites and
predictor patterns on the evidence maps (the method of estima-
tion used is maximum likelihood; see Chung, 1978; Agterberg,
1989, 1992; Agterberg and others, 1993; and Wright, 1996).
Unlike WofE, only one coefficient of spatial association, [3,
was calculated. The coefficient B represents the information
conveyed by W+ and W~ and is comparable to C, but [} affects
the favorability map only where evidence map patterns are
present (in the WLR approach, the WofE term W~ does not
have an equivalent). The coefficients are confined to values
between 0 and 1, which can be interpreted as the conditional
probabilities (the conditional probability that a unit-cell area of
the favorability map contains a training site). Where evidence
map coverage was incomplete (data are unknown or missing),
the missing data area was assigned an area-weighted mean of
the known values in the study area.

The favorability map was produced by applying a ranking
scheme, defined by the HRB assessment team and reviewed
later in this chapter, to the conditional probabilities (here termed
“favorabilities”). The favorabilities were ranked into “favor-
able” and “prospective” based upon break-points and popula-
tion groups on cumulative area versus favorability plots. The
permissive—favorable boundary was delineated using the “prior
favorability” value, which is a simple, or non-conditional prob-
ability (given no geoscientific information), and equal to the
number of known training sites per unit area (Bonham-Carter,
1994). The favorable—prospective boundary was defined by
the most prominent break-point in the cumulative area versus
favorability above the prior favorability. Only favorabilities
with a statistical significance of = 90 percent (Studentized C
> 1.282) were considered; areas of the favorability map below
this significance level were masked out. Studentized C is an
informal test to determine whether the relative certainty of the
calculated favorabilities is greater than zero (Bonham-Carter
and others, 1989; Agterberg and others, 1993), and insures that
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areas with low confidence (< 90%) are not included in favorable
or prospective tracts. A cut-off of 90 percent is not uncommon
for WofE and WLR modeling, and it was considered by the
HRB assessment team to be a reasonable, conservative level of
confidence for delineating the favorable and prospective mineral
resources assessment tracts. By comparison, a minerals explo-
ration company, which may be more aggressive and willing

to take greater risks, might consider using a much lower level
of confidence, such as 50 percent (as well as using multi-class
predictor patterns rather than binary).

Construction of the Mineral-Resource Tract Maps

The mineral-resource tract maps were created by merg-
ing the knowledge-driven-derived tracts (nonpermissive and
permissive) and the data-driven-derived tracts (favorable and
prospective). The assessment team made certain revisions to
the favorable and prospective tracts (the favorability map)
that reflect incomplete data coverage and that address some,
but not all, of the expert-based exceptions to the data-driven-
derived prediction criteria. These revisions and the overall
construction of the tract maps is discussed below. Detailed
discussions about the expert-based exceptions are presented in
each of the respective mineral deposit type assessment chap-
ters (chapters 7-9).

Construction of the mineral-resource tract maps consisted
of four steps: (1) clipping of the favorable and prospective
tracts to the extent of geochemistry evidence map coverage,
(2) clipping of the favorable and prospective tracts to knowl-
edge-driven-delineated permissive tract, (3) merging of the
clipped favorable and prospective tracts with the knowledge-
driven-delineated permissive tract, and (4) masking out of
areas where the depth to basement is greater than 1 km. These
four operations were performed to construct each of the plu-
ton-related, sedimentary rock-hosted Au—Ag, and epithermal
mineral-resource tract maps.

In the first part, the extents of the favorable and prospec-
tive tracts were truncated to the areal coverage of the geo-
chemistry evidence map. This was done because geochemistry
is the strongest predictor where National Uranium Resource
Evaluation (NURE) data are available, and absence of NURE
geochemical data in some parts of northern Nevada adversely
affected the favorability estimates in those areas. In many
cases, these regions of missing data are characterized by favor-
abilities with Student t values < 90 percent. This principally
affected the eastern and southeastern parts of the northern
Nevada study area, which, although having similar geology
and mineral deposits, did not impact the assessment within the
HRB (see fig. 2—1, regions outside of green boundary).

In the second part, the favorable and prospective tracts
were truncated to the extent of the permissive tract, as delin-
eated in the Nevada assessment (Singer, 1996). The digital
datasets available for the data-driven modeling procedure did
not allow for acceptable estimation of the nonpermissive—per-
missive tract boundary. The expert-delineated permissive

tracts in Cox and others (1996) were considered by the HRB
assessment team to be the best regional-scale representation of
areas permissive for pluton-related deposits, sedimentary rock-
hosted Au—Ag deposits, and epithermal deposits available for
the whole of northern Nevada. Cox and others (1996) describe
the rationale for delineating these permissive tracts.

In the third part, the truncated favorable and prospective
tracts were merged with the permissive tract by simply over-
laying them onto the permissive tracts. The merged favorable
and prospective tracts represent data-driven refinements to the
previously delineated knowledge-driven permissive tract.

Finally, in the fourth part, areas of thick cover were
masked out and classified as nonpermissive. Cenozoic vol-
canic and sedimentary deposits that are more than 1 km thick
conceal pre-Tertiary basement rocks in many areas of north-
ern Nevada. As discussed in previous assessments (Singer,
1996; Peters and others, 1996), exploration for and mining of
deposits in deeply buried (typically greater than 1 km) base-
ment rocks currently are uneconomic. However, this rationale
is less applicable to most epithermal deposit types, which
largely formed in the Cenozoic units, or to areas within active
mining districts, such as the Carlin trend, where exploration
and milling infrastructure already are present. A map showing
areas of thick Cenozoic cover, as defined by the geophysical
data (see chapter 6), was overlain on the mineral-resource tract
maps to mask out areas of deeply buried basement. The depth-
to-basement map used here differs somewhat from that used
to define nonpermissive tracts in the Nevada assessment (Cox
and others, 1996). As a result, the boundaries between the
nonpermissive and permissive tracts shown on the final maps
for this assessment in part reflect both the previously and cur-
rently defined depths to basement. Regardless of the depth-to-
basement map used, the areas defined by one or both methods
indicate thick Cenozoic cover above the older basement rocks.

Databases

The datasets used for the HRB mineral-resource assess-
ment represent many different aspects of geology, geophysics,
geochemistry, and metallogeny for northern Nevada. They
come in a wide variety of formats and from various published
and unpublished sources in government, academia, and indus-
try. The HRB assessment team selected datasets that provide
information about the formation and distribution of the mineral
systems being assessed, and evaluated their suitability for data-
driven modeling. In some instances, assessment team members
created the datasets that were used for data-driven modeling.
Some datasets, such as gravity and magnetic anomalies and
NURE geochemistry, were applicable to both knowledge- and
data-driven analysis and modeling. Other data sources, such
as informative large- and small-scale schematic figures in the
published literature, were not suitable for data-driven modeling
because they lacked necessary resolution, accuracy, or areal cov-
erage. However, the information from those figures conceptu-



ally and qualitatively aided the knowledge-driven component of
the assessment process. The following sections review datasets
used for data-driven modeling (see fig. 2-3).

The digital datasets used for the assessment were portrayed
and used at a regional scale, consistent with the regional scale of
the assessment. The information contained in those datasets rep-
resents a variety of scales of location and concept. For example,
the training sites represent very specific geographic locations
of economic or subeconomic mineral deposits. In contrast,
the 1:500,000-scale state geologic map (Stewart and Carlson,
1978) is an accurate but somewhat generalized portrayal of the
actual rock units present: the age-lithology units on the map are
combinations of one or more geologic units that originally were
identified by larger-scale mapping. Similarly, data layers derived
from that map (such as volcanic terranes, lithotectonic terranes,
thrust faults and windows) are generalized from the larger-scale
geologic data. Thus, the various datasets used for the assessment
were not necessarily created with the same original scale and
concept in mind. An example of this is the use of site-specific
training sites with maps showing generalized Tertiary volcanic
units and magnetic terranes in the assessment of epithermal
deposits (see chapter 9).

In addition, the team recognized during the course of
the assessment that some datasets were incomplete, such
as comprehensive data on the ages and compositions of the
plutons, biostratigraphic data on Paleozoic sedimentary rocks,
magnetic properties of igneous rocks, and the ages of many
volcanic rocks. Some of the needed data were collected during
the course of other parallel projects and used for this assess-
ment, but comprehensive acquisition of these data over such
a large region was beyond the scope of this assessment. Some
potentially very useful evidence layers, such as pluton chem-
istry, could not be used because of incomplete information
across the entire study area. The assessment team felt that a
more comprehensive database could have led to a more refined
mineral-resource assessment, even at a regional scale, and it
recommends that acquisition of these data be a focus for future
geologic studies in the region.

Training Sites

A training site dataset for northern Nevada (see study
area, fig. 2—1) was created by selecting, modifying, and
updating mineral sites from the Nevada Bureau of Mines
and Geology (NBMG) database of gold and silver resources
in Nevada (Davis and Tingley, 1999). The NBMG database
contains precious- and base-metal mineral deposits and occur-
rences with a noted or implied gold and (or) silver resource or
reserve discovered since 1930, and includes industrial-mineral
deposits and occurrences that contain a significant amount of
gold or silver. All mineral site locations were determined from
locations on 1:24,000 or larger scale maps or by making GPS
determinations at the sites (J. V. Tingley, oral commun., 2000).
The HRB assessment team checked the site locations for
overall positional accuracy and discarded duplicates. The team
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then classified the NBMG mineral sites into three deposit-type
subsets—pluton-related, sedimentary rock-hosted Au—-Ag, and
epithermal—and added 40 pluton-related and 4 epithermal
sites (the sedimentary rock-hosted sites were considered to be
complete). A total of 519 training sites were used for data-
driven modeling, and classified and subdivided as follows:

 Pluton-related deposit-type training sites, consisting of
92 occurrences and deposits (fig. 2-5) that include por-
phyry (Cu, Mo (Climax, low—F), and Au), skarn (Au,
Ag, Cu, Fe, Pb, Zn), and polymetallic replacement and
vein (see chapter 7 and table 7-1).

* Sedimentary rock-hosted Au—Ag deposit-type training
sites, consisting of 293 occurrences and deposits (fig.
2-6) that include Carlin-type (northern and southern
subtypes) and distal-disseminated type deposits (see
chapter 8 and table 8-1).

 Epithermal deposit-type training sites, consisting of
134 occurrences and deposits (fig. 2—7) that include
low-sulfidation and hot-spring type deposits (see chap-
ter 9 and table 9-1).

The training sites represent orebodies that have been
mined, either by open pit or underground methods, or that
have been identified with exploration drilling. The sites are
size independent, but they reflect concentrations of metals that
are considered to be large enough to warrant mining or closer
scrutiny. Depending upon the mineralized system and the type
and amount of mining and exploration, some mineralized
systems are represented by multiple training sites, whereas
others may have only one site. Many pluton-related systems,
such as at Battle Mountain, have multiple training sites that,
in part, reflect different mineral deposits and mines (porphyry,
skarn) related to the same mineralizing system. Further, some
epithermal deposits, such as Hog Ranch, Mule Canyon, and
Willard, have several identified orebodies, each represented by
a training site although they all formed in the same mineraliz-
ing system; Willard, as noted in chapter 9, is a very small epi-
thermal deposit. In contrast, only one training site represents
the Ken Snyder Au-Ag deposit at Midas, which is much larger
than the Hog Ranch, Mule Canyon, and Willard deposits.

For the purposes of data-driven modeling, training sites
that occur within 1 km of one another are considered one site.
This is because the modeling is carried out for a discrete unit
cell area of 1 km? (see discussion in “Data Driven Compo-
nent” section earlier in this chapter). When considered in this
manner, the number of sites that remain for a given mineral-
ized system can be regarded as a proxy for its size and (or)
importance. The rationale for this approximation is that, under
ideal conditions, a larger and (or) longer-lived system would
generate more and (or) larger and (or) richer orebodies; hence,
the greater the number of sites, the greater the size and (or)
importance of the system. An obvious scenario that illustrates
the break down of this rationale is where a large, cylindrical
ore body is oriented perpendicular to the surface and is mined
top-down along its length. The same orebody, if oriented hori-
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zontally, would likely be mined from multiple sites. As such,
this proxy is a gross, first-order approximation for system size
and (or) importance. Nonetheless, while not perfect, it is not
an unreasonable measure of size and (or) importance given
the dearth of production, reserve, or other endowment data
for training sites. Additionally, it was beyond the scope of this
assessment for team members to visit each individual site to
determine or collect such information.

Evidence Maps

Fourteen evidence maps were prepared from datasets
chosen by the HRB assessment team. A number of the datasets
were suitable for creating evidence maps that could be applied
to assessment of all three broad deposit classes, whereas others
could only be applied to one or two of classes. For example,
the reanalyzed NURE geochemical samples, particularly the
arsenic analyses, were used in all assessments. The Nevada
state geologic map (Stewart and Carlson, 1978) and its deriva-
tive products were used in the assessment of all three systems,
but in different ways. Some geologic units and structures are
more appropriately used for assessing one type of system than
another. As such, certain rock types and structures were isolated
and extracted from the Nevada state geologic map for the pur-
pose of assessing the different mineralizing systems. Volcanic
rocks are related specifically to the epithermal deposit types,
and plutonic rocks to the pluton-related and some sedimentary
rock-hosted Au—Ag deposit types. Structural windows and
lithotectonic terranes are particularly important as evidence
for the occurrence of sedimentary rock-hosted Au—-Ag deposit
types. All datasets that were used by the assessment team for
knowledge- and data-driven analysis and modeling were com-
plete for the scale at which they were applied.

The evidence maps are reviewed below. They are listed in
bullet form under subheadings that reflect the source data-type
from which they were created. Shortened names, which appear
in italics, have been given to the evidence maps and are used in
tables and text throughout the subsequent chapters of this report.
Basic information about data processing is provided, as well as
references where additional details are discussed. The rationale
for selection, application, and interpretation of the evidence
maps used for each of the three mineralizing system assess-
ments are described in more detail in ensuing sections and in the
respective assessment sections (chapters 7-9).

Lithology

The lithology-related evidence maps were all prepared or
derived from the 1:500,000 geologic map of Nevada (Stewart
and Carlson, 1978). The dataset was obtained from Raines and
others (1996) in vector format and converted to raster with
500-m cell size.

* Geologic units (fig. 2-8). The geologic map of Nevada
consists of 101 map units. As described in Stewart and
Carlson (1978) and Stewart (1980), the map units are

combinations of one or more formations or geologic
units of similar age and geologic context that were
identified during larger-scale geologic mapping. In
some cases, such as map units that consist entirely of
Tertiary basalts, the map units are good proxies for
lithologic units. In many cases, however, the inclusion
of several disparate lithologies into one map unit, such
as shale, sandstone, and limestone in some Paleozoic-
age map units, limits a direct comparison to lithology
(see discussion in chapter 8). For analysis and model-
ing, this dataset is considered to have a resolution of
500-1,000 m.

* Epithermal-lithologic units (fig. 2-9). The 101 geo-
logic map units were reclassified to five, expert-ranked
lithologic host units for epithermal deposits and occur-
rences, as defined in chapter 9. For analysis and model-
ing, this dataset is considered to have a resolution of
500-1,000 m.

 Lithodiversity (fig. 2-10). Lithodiversity for the geo-
logic map of Nevada was generated by counting the
number of unique map units in a square moving win-
dow that is 2.5-by—2.5 km in dimension. Lithodiver-
sity was calculated by centering the window on each
cell, counting the number of unique geologic map
units within the neighborhood, assigning the number
to the center cell, and then incrementing the window
by one cell. The lithodiversity map was reclassified
such that each map class value (an integer) represents
diversity. For example, lithodiversity map class 5 rep-
resents five geologic units within a sample neighbor-
hood. Mihalasky (2001) and Mihalasky and Bonham-
Carter (1999; 2001) discuss methods of preparation
and processing of lithodiversity. For analysis and mod-
eling, this dataset is considered to have a resolution of
1,000 m.

* Pluton proximity (fig. 2—-11). The plutonic rocks, repre-
sented in terms of unit abbreviations from the geologic
map of Nevada, include Tri, Tmi, Ti, Tr2, Tr1, TJgr,
Tgr, Mzgr, Kgr, KJd, Jgr, TRgr, and TRlgr. These units
range in age from Middle-Late Triassic to late Mio-
cene, but with respect to total area covered, the units
predominantly are Mesozoic. Plutonic and intrusive
bodies were buffered with a distance interval of 1 km.
The plutons were included as part of the first buffer.
For analysis and modeling, this dataset is considered to
have a resolution of 1,000 meters.

Structure and tectonics

The structure- and tectonic-related evidence maps were
all prepared or derived from (1) the 1:750,000 preliminary
map of allochthonous tectonic (“lithotectonic terrane’) units
in Nevada and eastern California (Lahren and others, in press)
or (2) interpreted from digital elevation and remotely sensed



data. The preliminary map of allochthonous tectonic units
was obtained in vector format from K.A. Connors (written
commun., 1999) and converted to raster with 500—m cell size.
Interpreted datasets were processed as described below.

* Lithotectonic-terrane units (fig. 2—12). The lithotec-
tonic-terrane units map shows geologic map units
that, in combination, represent specific allochthonous
terranes in Nevada. These terranes include, but are
not limited to, the Roberts Mountains, Golconda, and
Fencemaker allochthons. The definitions of the alloch-
thonous terranes were based on many studies reported
in the published literature. The locations of the units
and the terranes that they define are based on the
geologic units shown in the geologic map of Nevada
(Stewart and Carlson, 1978). For analysis and model-
ing, this dataset is considered to have a resolution of
1,000 m.

* Thrust proximity (fig. 2—13), defined as the proximity
to thrust faults between upper- and lower-plate tectonic
units and structural windows of the Roberts Mountains
thrust fault. As described in chapter 8, this thrust was
instrumental in the localization of many sedimentary
rock-hosted Au-Ag deposits. Thrust faults related to
other allochthons were not considered in this assess-
ment. The thrust faults were extracted and buffered
with a distance interval of 1 km. The faults were
included as part of the first buffer. For analysis and
modeling, this dataset is considered to have a resolu-
tion of 1,000 m.

¢ NE (northeast) linear features (fig. 2—14), consist-
ing of the Crescent Valley-Independence (CVIL) and
Getchell (GLF) lineaments. Two corridor regions that
envelop the CVIL (Peters, 1998; Theodore and Peters,
1998) and the Getchell mineral trend were interpreted
by the assessment team from LANDSAT MSS imag-
ery (60—m resolution) and shaded relief of topogra-
phy (30 arc-second, ~ 1-km resolution). The corridor
regions were outlined in vector format and converted
to raster with 2,000-m cell size. For analysis and
modeling, this dataset is considered to have a resolu-
tion of 2,000 m.

Geochemistry

The geochemical-related evidence maps were derived
from newly reanalyzed NURE geochemical samples (chapter
5). The data were acquired as point-sample concentrations,
which were preprocessed in various ways and converted to
continuous raster surfaces, as outlined below.

* As—frequency (fig. 2-15), representing As concen-
tration (partial digestion) that was processed in the
frequency domain. The concentration values were log
transformed (base-10) and converted to a continuous
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raster surface with 1,000-m cell size using a minimum-
curvature spatial interpolator. The data were resolved
into several textural components by computing the spa-
tial frequency structure of the surface, then deriving a
series of band-pass frequency filters to decompose the
surface in the frequency domain into distinct layers,
each with varying degrees of smoothness. The residual
As anomaly evidence map corresponds to subtraction
of the long- and medium-wavelength components of
the signal. The rationale for this method, and the prepa-
ration and processing of this dataset, are discussed in
greater detail in chapter 5 and in Ludington and others
(2000). For analysis and modeling, this dataset is con-
sidered to have a resolution of 500—-1,000 m.

» As—spatial (fig. 2-16), representing As concentration

(partial digestion) that was processed in the spatial
domain. The concentration values were log trans-
formed (base-10) and converted to two continuous
raster surfaces, “local” and “regional”, with 1,000—m
cell size using an inverse distance spatial interpola-
tor. The local surface was interpolated using a fixed
sampling radius of 15 km and a distance-decay rate
that diminishes with the square of the distance, and
represents the local-scale variation of As. The regional
surface was interpolated using a fixed sampling radius
of 100 km and a distance-decay rate that diminishes
with square of the distance, and represents the broad,
regional-scale variation of arsenic. The regional surface
was subtracted from the local to yield a third surface,
the residual local-scale anomaly, which represents
departure from the background variation. The residual
local-scale anomaly is used as the evidence map. In
essence, a nonlinear filter was applied to the data to
remove the regional-scale background variation and
reveal the local-scale anomaly. The rationale for this
method is discussed in Cheng and others (1996) and
Cheng (1999). For analysis and modeling, this dataset
is considered to have a resolution of 500-1,000 m.

* Ba/Na (fig. 2—-17), calculated from Ba and Na con-

centrations (total digestion). The ratio values were
converted to a continuous raster surface with 1,000—m
cell size using an inverse distance spatial interpolator.
The surface was interpolated using a fixed sampling
radius of 15 km and a distance-decay rate that dimin-
ishes with the square of the distance. Ba/Na is thought
to provide a reasonable overall relative measure of
regional-scale alteration activity associated with forma-
tion of Carlin-type sedimentary rock-hosted deposits,
particularly north Carlin-type (Mihalasky, 2001). For
analysis and modeling, this dataset is considered to
have a resolution of 500-1,000 m.

e Cu-Pb—Zn signature (fig. 2-18), calculated from

Cu, Pb, and Zn concentrations (total digestion). The
concentration values were (1) log transformed (base
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10), (2) normalized to a unitless, standardized scale (a
“z—score”’; see McGrew and Monroe, 1993, and Theo-
dore and others, 2000), and (3) converted to three con-
tinuous raster surfaces with 1,000-meter cell size using
an inverse distance spatial interpolator. For surface
interpolation, a fixed sampling radius of 15 km and a
distance-decay rate that diminishes with the square of
the distance was used. The three datasets were then re-
scaled between zero and one, where the z—score value
of zero was set to 0.5. After the re-scaling, any values
greater than one or less than zero were set to 1 and 0,
respectively. Processed in this way, z-score value of
zero, which represents the mean log value of a given
element concentration, is assigned a fuzzy membership
score of 0.5. The datasets were then mathematically
combined using a fuzzy logic “OR” operator (Bonham-
Carter, 1994), which selects the maximum value at a
given cell when the rasters are combined, yielding an
elevated Cu—Pb—Zn signature value wherever a high
value in any one of the three elements is present. The
output of the fuzzy operator is the evidence map. For
analysis and modeling, this dataset is considered to
have a resolution of 500-1,000 m.

Geophysics

The geophysical-related evidence maps are all derivative
products, interpreted from a variety of gravity and magnetic
anomaly datasets and maps. They contribute subsurface evi-
dence for modeling by providing information about local- and
regional-scale crustal structures and rocks at depth that are
important to mineralization and ore formation, and ultimately
to the delineation of mineral resource assessment tracts. The
preparation and processing of these datasets is discussed in
greater detail in chapter 6. The interpretive datasets, pro-
vided in vector format, were converted to raster surfaces as
described below.

* Basement gravity terranes (fig. 2—19), reflecting
regions of similar anomaly features or geophysical
fabric. The terranes were derived from the inspection
of isostatic and basement gravity maps, and maximum
horizontal gradients of basement gravity anomalies.
The terranes were outlined in vector format and
converted to raster with a 500-m cell size. For analy-
sis and modeling, this dataset is considered to have a
resolution of 1,000 m.

* Basement gravity lineaments (fig. 2-20), reflecting
abrupt lateral variations in the density of basement
rocks. The lineaments were derived from basement
gravity anomalies and their maximum horizontal gra-
dients. The linear features were buffered at a distance

interval of 2 km. The features were included as part of
the first buffer. For analysis and modeling, this dataset
is considered to have a resolution of 2,000 m.

¢ Magnetic terranes (fig. 2-21), reflecting regions of
similar anomaly features or geophysical fabric. The
terranes were derived from the inspection of a total
intensity aeromagnetic map, derivative magnetic maps,
and maximum horizontal gradients of magnetic poten-
tial anomalies. The regions were outlined in vector
format and converted to raster with a 500—m cell size.
For analysis and modeling, this dataset is considered to
have a resolution of 1,000 m. A subset of this evidence
map, showing the magnetic terranes related to middle
Miocene mafic intrusive zones, was created and used
for the epithermal assessment (see chapters 6, 9).

Mineral

A mineral-related evidence map was prepared from the
USGS Mineral Resources Data System database (MRDS;
McFaul and others, 2000). This evidence map was used only
for the pluton-related mineral-resource tract map.

* Skarn proximity (fig. 2-22). As an extension of
the classification of mineral deposits done in the
Winnemucca-Surprise assessment (Peters and others,
1996), the HRB mineral-resource assessment team
classified 550 MRDS mineral sites as skarn related,
based on Cox and Singer (1986) deposit model types
14a, 18a, 18b, 18c, 18d, 18¢, and 18f. The mineral sites
were buffered at distance interval of 1 km. The sites
were included as part of the first buffer. For analysis
and modeling, this dataset is considered to have a reso-
lution of 1,000 m.

Other

* Depth to basement (fig. 2-23), reflecting thickness of
Cenozoic cover deposits. Isostatic residual gravity data
were used to produce a map of the thickness of Ceno-
zoic deposits based on assumed variations of density
with depth in these deposits (chapter 6; Jachens and
others, 1996). Computations were carried out using
continuous raster surfaces with 2,000—m cell size. The
depth to basement map does not serve as an evidence
map proper. Rather, it is used as an overlay on the
mineral-resource tract maps to mask out areas that are
covered by Cenozoic deposits that are more than 1 km
thick. For analysis and modeling, this dataset is consid-
ered to have a resolution of 2,000 m.
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Figure 2-1. Mineral resource assessment region, northern Nevada, shown on background of shaded relief with a south-
ern boundary of 38°30" north latitude. The area outlined in green represents a 15-km distance buffer around all National
Uranium Resource Evaluation (NURE) geochemical samples used for the Humboldt River Basin (HRB) assessment, clipped
to the north and west by the state boundary. Mineral resource assessment maps for pluton-related, sedimentary rock-
hosted, and epithermal deposit-types are provided for this area in chapters 7-9. HRB outlined in light blue.
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Figure 2-2. Flow chart illustrating the construction of the mineral resource tract maps. The procedure consists of data-
driven and knowledge-driven components.
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Figure 2-3. Flow chart illustrating the data-driven modeling component of
the construction of the mineral resource tract maps (see fig. 2-2). It is sub-
divided into three main parts, as indicated by the numbered brackets on the
left, and was used to delineate prospective and favorable assessment tracts.
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Figure 2-4. Area-cumulative contrast curve for an evidence map that has 10 classes. This curve is used to help
determine the optimum threshold between absence and presence of a predictor pattern for ordinal (or ranked),
interval, or ratio scaled data. The table in the lower part of the figure shows examples of how the classes would be
grouped into predictor pattern present or absent for measurements of proximity (0 = close; 10 = far), intensity (0 =
low; 10 = high), and concentration (0 = low; 10 = high).
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Figure 2-5. Pluton-related deposit training sites (red squares). Humboldt River Basin outlined in blue. Roads and
towns the same as shown in figure 2-1.
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Figure 2-6. Sedimentary rock-hosted deposit training sites. Blue squares represent northern Carlin-type, green
squares southern Carlin-type, and yellow squares distal-disseminated Ag-Au sites. Humboldt River Basin outlined in
blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-7. Epithermal deposit training sites (orange squares). Humboldt River Basin outlined in blue. Roads and
towns the same as shown in figure 2-1.
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Figure 2-8. Geologic map of northern Nevada (from Stewart and Carlson, 1978). In general, yellows and oranges are
unconsolidated Pliocene and Quaternary sedimentary units; reds and pinks are Phanerozoic plutonic and Tertiary vol-
canic rocks; and blues, grays, greens, and browns are Phanerozoic sedimentary rocks. Humboldt River Basin outlined
in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-9. Epithermal-lithologic units evidence map. Expert favorability ranks: prospective-high (red), permissive-
medium (light red), permissive-Jungo (green), permissive-low (light yellow), and permissive-Quaternary (blue). See
chapter 9 for more details. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 1.
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Figure 2-10. Lithodiversity evidence map. Lithodiveristy ranges from 1 to 11. Lower lithodiversity is represented by
cooler colors (blues) and higher lithodiversity by warmer colors (green to dark red). Humboldt River Basin outlined in
blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-11.  Pluton proximity evidence map. Plutons shown in dark blue. The plutons were buffered at 1-km distance
intervals. These intervals are too narrow to be visually resolved, and the figure is represents the buffers by showing 10-
km buffer widths. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-12. Lithotectonic-terrane units evidence map derived from Lahren and others (in press). Dark red line delin-
eates allochthonous-autochthonous terrane thrust contact. Structural windows through allochthonous terranes are
shown in red. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-13. Thrust proximity evidence map derived from Lahren and others (in press). Thrust faults and structural win-
dows shown in dark blue. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-14. Northeast linear features evidence map, showing the Crescent Valley-Independence (CVIL) and Getchell
(GLF) lineaments. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-15. As-frequency evidence map. Lower concentrations are represented by cooler colors (blue to green) and
higher concentrations by warmer colors (yellow to dark red). Dark red areas represent 10 ppm and higher. Humboldt
River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-16. As-spatial evidence map. As concentrations below the mean (1 ppm) are represented by blue colors

and concentrations above the mean by red colors. Dark red areas represent 3.5 ppm and higher. Humboldt River Basin
outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-17. Ba/Na evidence map. Ba/Na values below the mean (1.2) are represented by blue colors and concentra-
tions above the mean by red colors. Dark red areas represent a Ba/Na value of 1.6 and higher. Humboldt River Basin
outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-18. Cu-Pb-Zn signature evidence map. Lower Cu-Pb-Zn signature fuzzy membership values are represented
by cooler colors and higher values by warmer colors. Green areas represent a fuzzy membership value of 0.5. Dark red
areas represent membership values of 0.9 and greater. Humboldt River Basin outlined in blue. Roads and towns the
same as shown in figure 2-1.
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Figure 2-19. Basement gravity terranes evidence map, showing terranes of anomaly highs (red) and lows (blue). See

text in Chapter 6 for more details. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure
2-1.
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Figure 2-20. Basement gravity lineaments evidence map. Linear features shown in dark blue. See textin chapter 6 for
more details. Humboldt River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-21. Magnetic terranes evidence map, showing presence of a terrane (red) and absence (blue). See text in
chapter 6 for more details. For data-driven modeling, only a subset of this dataset was used (see chapter 9). Humboldt
River Basin outlined in blue. Roads and towns the same as shown in figure 2-1.
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Figure 2-22. Skarn proximity evidence map. Skarn occurrences and deposits are shown in dark blue. The occurrences
and deposits are buffered at 1-km distance intervals, which are too narrow to be individually resolved. This figure is

a diagrammatic representation of the buffers and shows 10-km buffer widths. Humboldt River Basin outlined in blue.
Roads and towns the same as shown in figure 2-1.
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Figure 2-23. Depth to basement map. Black areas show where Cenozoic deposits are greater than 1 km in thickness.

See text in chapter 6 for more details. Humboldt River Basin outlined in blue. Roads and towns the same as shown in
figure 2-1.
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Chapter 3

Use of the Mineral Resource Assessment Report

By Mark J. Mihalasky and Alan R. Wallace

Introduction

This report provides a regional-scale assessment of
metallic mineral resources of northern Nevada, which includes
the Humboldt River Basin (HRB). It builds and expands upon
other regional assessments of the state of Nevada (Singer,
1996) and the Winnemucca-Surprise Bureau of Land Manage-
ment (BLM) Resource Areas (Peters and others, 1996). Unlike
those assessments, the HRB assessment was conducted using
digital databases and a combination of expert and data-driven
modeling techniques. The resulting assessment maps, figures,
tables, and text are provided in digital format for use with
various commercially available software. Chapter 2 describes
the data and methods that were used in the assessment. We
strongly recommended that the user consult chapter 2 for
information about the expert analysis, modeling techniques,
and the vocabulary used in this mineral resource assessment,
as that information is essential for properly interpreting and
applying the assessment tract maps.

This chapter briefly outlines the conceptual and digital
manner in which the assessment report and accompanying
tract maps should be used. More specific comments pertaining
to the data and their application to the assessment of the three
deposit groups are noted throughout the report.

Scale of Assessment

Both the expert and data-driven components of the HRB
mineral resource assessment were conducted using data that
range in scale from 1:250,000 to about 1:1,000,000 (see chapter
2, sections “Training Sites” and “Evidence Layers”). These
scales were chosen because many of the data sets used in the
assessment were at those scales, most notably the geologic map
of Nevada (Stewart and Carlson, 1978) and various deriva-
tive maps. As noted in chapter 2, many other sources of data at
larger and smaller scales were available. These data were used
as guides during the assessment, and some are reproduced in
this report as page-size figures, but they were not used for the
data-driven component of the assessment. Manipulation of these
data as part of the expert analysis and data-driven modeling pro-
cesses, as well as the combination of these different scale data,

has further decreased their collective resolution and accuracy to
nearer 1:1,000,000. As such, the mineral resource assessment
tract maps should not be used at a scale larger than 1:1,000,000.
In practical terms, the ground resolution of the assessment maps
is about 2 km. Therefore, any boundary between two assess-
ment tracts has no greater resolution than 2 km. In keeping with
the regional concept of this assessment, and the possible use

of the maps for land-use planning purposes, any small areas of
interest that lie along or near a tract boundary should be evalu-
ated with care and with supplementary data that are consistent
with the large scale and resolution of the area being examined.
Similar considerations should be applied when working with
small, isolated assessment tract areas, as they are less reliably
classified, as discussed further below.

The purpose of the assessment was to delineate broad
areas in northern Nevada and the HRB that are relatively more
or less likely to contain undiscovered mineral deposits, similar
to the purpose of the Winnemucca-Surprise assessment. This
purpose, and the regional scale of the data used to achieve it,
should be kept in mind when using this assessment and the
digital mineral-resource assessment maps. Use of maps at larger
scales to examine small areas in detail diverges from the con-
cept and purpose of the assessment and the assessment maps.

Prospective and Favorable Tracts

The data used for data-driven modeling were selected
because they reflect geological, geochemical, and geophysical
attributes common to known pluton-related, sedimentary rock-
hosted Au-Ag, and epithermal mineral deposits and mineraliz-
ing processes in the assessment area. The resulting prospective
and favorable tracts are areas in which the data have an optimal
combination of attributes found at known deposits. This does
not mean that mineralizing processes took place in those areas,
but rather that the models identify areas that may warrant
further, more detailed evaluation before land-use or mining-
related decisions are made. Conversely, it does not mean that a
mineralizing process did not take place outside of that area.

The assessment tract maps show the more optimal data
combinations, from the standpoint of the possible presence of
a mineralized system, as “prospective” or “favorable.” These
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areas range in size from small to large. The smallest areas (less
than or equal to about 2 km?) are artifacts of the data-driven
modeling process; these should be considered “noise” and thus
warrant little or no further scrutiny. Some prospective and
favorable areas are extensive and represent relatively large
areas that have many attributes common to known deposits.
Many of these areas have known mineral deposits of the type
being assessed, and these broad areas are those that are most
likely to contain undiscovered mineral deposits. The certainty
that these areas have been correctly classified as favorable or
prospective is 90 percent or greater, as discussed in chapter 2
(sections “Data-Driven Component” and “Modifications Dur-
ing Data-Driven Modeling”).

The assessment tract maps do not define the specific
locations of potential deposits within the broad prospective
and favorable areas. Given the scale and nature of the data
used for the assessment, it is possible that the data do not
reflect isolated mineralizing systems and mineral deposits
that are outside of prospective or favorable areas. The surface
expression of the largest known mineralizing systems in north-
ern Nevada, such as the cluster of large pluton-related systems
at Battle Mountain, is several tens of square kilometers. The
surface expressions of other known, in some cases large,
mineral deposits in the region are somewhat to substantially
smaller than that. In addition, the vertical dimension of some
deposits, such as the Meikle deposit in the Carlin trend or the
Ken Snyder deposit in Midas, is equal to or greater than their
horizontal dimension at the surface. Therefore, more detailed
studies of small areas within prospective and favorable tracts
require data and concepts relevant to that scale of assessment,
similar to the methods employed by the mining industry to
evaluate specific properties.

Finally, it should be noted that the assessment area con-
tains numerous deposits unrelated to pluton-related, sedimen-
tary rock-hosted Au-Ag, and epithermal mineralizing systems.
The assessment area also may contain undiscovered mineral
deposit types that do not have the attributes used for this
assessment and are not yet known to occur in the area.

Use of Digital Products

Three digital products are provided with the HRB mineral
resource assessment: (1) a pluton-related polymetallic tract
map, (2) a sedimentary rock-hosted Au-Ag tract map, and (3)
an epithermal Au-Ag tract map. These maps classify tracts of
land in northern Nevada according to mineral-resource favor-
ability and are intended to facilitate land-use planning activi-
ties and decision-making. The tract maps represent the results
of data- and knowledge-driven analysis and modeling carried
out by the HRB assessment team (see Chapter 2 for methodol-
ogy, and chapters 7, 8, and 9 for interpretations of the maps).

The three tract maps are provided in raster format as
ESRI™ integer grid coverages (Mihalasky and Moyer, 2004).
Associated with each map is an ArcInfo™ attribute table that

details (1) grid class and related characteristics, (2) the specific
combinations of data (unique spatial overlap conditions among
evidence map patterns) that comprise a given mineral-resource
assessment tract, (3) the number of mineral occurrences and
deposits (training sites) that fall within a given tract, (4) mineral-
resource favorability estimates and related measures of error and
uncertainty, and (5) a categorical classification of land tracts.
The land tract classification, which appears in the column
named “tracts” (last column of the attribute table), categorizes
regions of northern Nevada into areas that are considered to be
“nonpermissive,” “permissive,” “favorable,” or “prospective”
for pluton-related polymetallic, sedimentary rock-hosted Au-
Ag, or epithermal Au-Ag mineralized systems and contained
occurrences and deposits. These categories represent relative
levels of favorability for undiscovered occurrences and depos-
its, as determined by the HRB mineral resource assessment
team in chapters 7, 8, and 9; these are defined and described
in chapter 2, as well as in the metadata that accompanies the
digital tract maps (Mihalasky and Moyer, 2004). It is impor-
tant to note that the classification of land tracts as “favorable”
or “prospective” is valid only for the area of northern Nevada
where National Uranium Resource Evaluation (NURE) geo-
chemical data are available (Figs. 2-1 and 5-1), whereas tracts
classified as “nonpermissive” or “permissive” are valid for the
whole of the study area (Fig. 2-1; see chapter 2 for details).
The tract classification will be of greatest utility to
land-use planners and other end-users, and it can be used to
symbolize and display the maps (for an example of proper
display, see Figures 7-35, 8-31, and 9-15). Other information
contained in the attribute table, such as evidence map pres-
ence-absence combinations and the measures of uncertainty,
can provide addition insight into a given tract’s classification
(see the “Analysis and Modeling Methodologies™ section of
chapter 2 for guidance). A particularly useful measure is the
“Studentized favorability,” which is calculated by dividing
the Weights of Evidence (WofE) favorability (“post_prob” in
the attribute table) by the total uncertainty (“tot_uncrty”); in
ArcView™, using the legend editor for a given grid, the tract
map can be symbolized according to Studentized favorability
by selecting “Graduated Color” for Legend Type, “post_prob”
for Classification Field, and “tot_uncrty” for Normalize by.
Regions with Student-values greater than about 1.28 have a
high degree of confidence (~90 percent) with respect to vari-
ances of weights and variance due to missing data (see chapter
2). A Studentized favorability map is useful in a relative sense
for highlighting regions with low or high confidence for the
WofE-derived favorability estimate. For the confidence of the
WLR-derived favorability estimate, which is the estimate that
was used to determine the relative levels of favorability of
land tract classification (“tract” in the attribute table), the tract
map can be symbolized directly using the field “Irtvalue” in
the attribute table (there is no need to normalize WLR-derived
favorability estimate by the total uncertainty). For additional
information on the use and interpretation of the analysis and
modeling values contained in the attribute table, see chapter 2,
Bonham-Carter (1994), and Kemp and others (2001).



Chapter 4

Geologic Setting of the Humboldt River Basin

By Alan R. Wallace

Introduction

The geologic history of northern Nevada, including the
Humboldt River Basin (HRB), spans more than a billion years,
ranging from Precambrian rocks in the East Humboldt Range
to Quaternary alluvial deposits and active faults. The mineral
deposits and occurrences in the region result from the geologic
events during this protracted period of time. Thus, a mineral-
resource assessment of the area must take into account the
complex geologic history and the distribution of rocks types
and geologic environments. This chapter briefly summarizes
the geologic history of the region as it pertains to the mineral
deposits that are being assessed. Specific geologic details of
those deposits can be found in the three assessment chapters in
this report (chapters 7-9). Stewart (1980) provides an excel-
lent summary of the geology of Nevada, and Dickinson (2001)
places the geology in a regional time-tectonic framework.
Doebrich (1996) focuses in more detail on the geologic events
in the Winnemucca-Surprise Resource Area in northwestern
Nevada, and many of those events pertain to the entire HRB
study area. The general geology of the region is shown in fig-
ure 4-1, which is a simplified geologic map of Nevada (Stew-
art and Carlson, 1977) based on the 1:500,000-scale geologic
map of Nevada (Stewart and Carlson, 1978). Geologic time
scales showing major geologic events are provided in figures
4-2 and 4-3.

Pre-Tertiary Geology

Stable continental shelf sedimentation, with periodic
accretion of allochthonous geologic terranes from the west,
characterized the period from the Late Proterozoic through the
early Mesozoic (fig. 4-2). A late Proterozoic continental rifting
event produced the continental margin and set the stage for
subsequent continent-margin sedimentation (Stewart, 1972).
This rifting event also created major crustal breaks that were
important in Phanerozoic igneous, structural, and metallogenic
processes. Little is known about earlier geologic events except
for isotopic data that indicate the presence of Archean and
Proterozoic crystalline rocks at depth beneath eastern Nevada
(Wooden and others, 1998; Kistler and Peterman, 1976). The

shelf environment in the early Paleozoic (Cambrian through
Devonian) produced regionally extensive carbonate, quartzite,
and shale deposits along the edge of the North American cra-
ton, which, at the time, formed a general north-south line that
bisected Nevada. In general, carbonate rocks are more com-
mon to the east and shales predominate to the west, consistent
with deposition in progressive shelf, slope, and deep basin
environments from east to west (Stewart and Poole, 1974).

Starting in the late Devonian, allochthonous deep-
basin rocks of the Roberts Mountains allochthon were thrust
eastward over the autochthonous shelf-slope deposits along
the Roberts Mountains thrust (Roberts and others, 1958). The
deep-basin rocks originally formed just to the west of the
North American craton, based on studies of sediment sources
(Gehrels and others, 2000; Stewart and others, 2001). This
event, termed the Antler orogeny, continued episodically into
the Permian. Sediments shed to the east and west from the
resulting Antler orogenic high formed the Pennsylvanian and
Permian Antler sequence (also known as the overlap assem-
blage; Roberts, 1964), which covered both the allochthonous
and autochthonous rocks. Shelf sedimentation resumed to the
east, again generating widespread carbonate units that in part
interfingered with the sediments of the Antler sequence, which
was forming just to the west. The Humboldt phase of the
Antler orogeny disrupted the central part of the region in the
late Pennsylvanian (Ketner, 1977; Theodore and others, 1998),
creating north-south shortening and significant unconformities
in late Paleozoic stratigraphic sections. In northern Nevada,
many sedimentary rock-hosted Au deposits formed in the late
Eocene in carbonate rocks beneath the Roberts Mountains
thrust, and in Mississippian rocks of the overlap assemblage
(see chapter 8). The overlap assemblage also hosts some Ter-
tiary distal-disseminated Ag-Au and sedimentary rock-hosted
Au deposits. As a result, the Paleozoic sedimentary environ-
ments and the Antler orogeny were essential to the formation
of these mineral deposits during the Tertiary.

A second allochthonous terrane, the Golconda alloch-
thon, was emplaced along the Golconda thrust during the
late Permian-early Triassic Sonoma orogeny (Silberling and
Roberts, 1962). The Sonoma orogeny carried deep basinal
upper Paleozoic sediments eastward over upper-plate rocks
of the Roberts Mountains thrust, as well as the overlap and
upper and lower Paleozoic shelf units. The basinal units
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formed just west of the craton margin (Riley and others, 2000)
and contained scattered volcanogenic massive sulfide and
manganese deposits that formed before the orogeny (Snyder,
1977). Volcanism at the end of and following this orogenic
event produced volcanic, volcaniclastic, and intrusive rocks of
the Late Permian and Early Triassic Koipato Group, which is
exposed generally east of Lovelock and south of Winnemucca
(Silberling and Wallace, 1969; Kistler and Speed, 2000). With
the exception of a few precious-metal veins in the southern
East Range (Wallace, 1977), mineralization was not associated
with this igneous event. During the Triassic, central Nevada
was a broad, gentle highland traversed by west-flowing
streams (Manuszak and others, 2000). To the west, widespread
platform carbonate rocks and subsequent fine-grained clastic
sediments of the Jungo terrane were deposited on the Koipato
and other older rocks (Oldow, 1984). This shelf environment
merged westward the back-arc environment of the Black Rock
terrane (Wyld, 2000). Triassic sedimentation east of the central
Nevada highland largely was in shallow-marine to locally ter-
restrial environments.

Starting in the Middle Jurassic, perhaps as early as the Late
Triassic, and extending into at least the Late Cretaceous, the
entire width of northern Nevada was compressed in a general
west to east direction. In northwestern Nevada, southeast-
directed thrusting carried the Triassic and Early Jurassic rocks
of the Jungo and Black Rock terranes over the Triassic platform
carbonate units and the Koipato Group (Oldow, 1984). The
Jungo terrane rocks were carried along the Fencemaker thrust,
and the volcanic arc rocks of the Black Rock terrane were thrust
eastward over the Jungo terrane along the Black Rock thrust. In
northeastern Nevada, east-directed thrusting began in the Juras-
sic and continued through the Cretaceous. In some areas, the
thrusting overthickened the crust, and the deep rocks were meta-
morphosed to upper amphibolite grade facies. Regionally, this
compressional event ended in the Paleocene (early Tertiary).
This tectonic event produced metamorphic gold-silver deposits,
primarily in Jungo terrane rocks (Cheong, 1999).

During roughly the same period of time, widespread
and compositionally diverse igneous rocks were emplaced
throughout northern Nevada, most abundantly in the west-
ern half of the area. Satellitic igneous activity related to
emplacement of the Sierra Nevada batholith to the west
produced widespread Jurassic and Cretaceous granitic to
dioritic plutons (Kistler and Peterman, 1978). These intru-
sions produced numerous W, Cu, and Mo deposits in northern
Nevada, including those in the Battle Mountain area and the
Osgood and Eugene Mountains (see chapter 7), and Ag-rich
deposits at Rochester northeast of Lovelock (Vikre, 1981).
Some distal-disseminated Ag-Au deposits also formed during
this magmatic event (Bald Mountain, in part; see chapter 8).
Middle Jurassic back-arc mafic igneous activity produced the
165-Ma Humboldt gabbroic complex (Speed, 1976; Johnson
and Barton, 2000), a thick sill-like intrusion east of Lovelock,
and mafic volcanic and subvolcanic rocks in the Jackson
Mountains (Happy Creek igneous complex; Maher, 1989)
and eastern Cortez Range (Frenchie Creek volcanics; Muffler,

1964). The Humboldt complex produced iron deposits, and it
potentially is a source of platinum-group elements (see chapter
7). In eastern Nevada, Cretaceous anorogenic, two-mica
granitic plutons were emplaced during and after thrusting (Lee
and others, 1981). These plutons largely are devoid of metallic
mineral deposits, although some contain elevated amounts of
U, Be, F, Th, and Ti.

Tertiary Geology

The geologic record for events from the Late Cretaceous
(~70 Ma) to the middle Eocene (~46 Ma) in northern Nevada
largely is missing. Arc-related magmatism had ceased, and the
region was a broad topographic high due to the late Mesozoic
thrusting and overthickening. Starting in the middle to late
Eocene, with some of the first recorded events at about 46 Ma,
northern Nevada became the site of extensional and magmatic
events that characterized the rest of the Tertiary. The major Ter-
tiary geologic events, including igneous activity, tectonic events,
and periods of uplift and erosion, are shown in figure 4-3.

Tertiary magmatism in the region formed three igneous
assemblages: the interior andesite-rhyolite (IAR), the western
andesite (WA), and bimodal basalt-rhyolite (BM) assemblages
(Ludington and others, 1996; see also chapter 9). The IAR
and WA assemblages were related to arc volcanism; the BM
assemblage was related to regional extension. The IAR assem-
blage began to form at about 43 Ma as a south-sweeping belt
of intrusive and volcanic activity entered the northeastern cor-
ner of the state. This sweep of igneous activity migrated south-
southwestward across northern Nevada between about 43
Ma and 19 Ma, producing plutons, calderas, and widespread
ash-flow tuff sheets. Mineral deposits associated with this
magmatic suite include porphyry-related deposits (porphyry
Cu, skarn, veins at Battle Mountain), distal-disseminated
Ag—Au deposits (Lone Tree, Trenton Canyon), sedimentary
rock-hosted Au-Ag deposits along several major trends, and
epithermal Au-Ag deposits (Tuscarora, Wonder, and Round
Mountain) (see further discussion in chapters 7-9).

Between approximately 20 Ma and 4 Ma, volcanic and
subvolcanic rocks associated with the WA assemblage were
emplaced in western Nevada. These represent early igne-
ous activity related to the Cascade volcanic arc (Christiansen
and Yeats, 1992). Most mineral deposits associated with this
assemblage are epithermal deposits, including the world-class
Ag-Au deposits at Virginia City (Comstock Lode), as well as
deposits at Rawhide, Bodie, Aurora, and Tonopah. None of
these deposits, though, are in the Humboldt River Basin.

The bimodal basalt-rhyolite assemblage began to form
at about 17 Ma and continues to the present. These volcanic
rocks are the most extensive, although not necessarily the most
voluminous, of the three volcanic assemblages in northern
Nevada. The magmas were erupted from a variety of sources
during crustal extension, forming widespread basalt and rhyo-
lite flows and local calderas and silicic domes. These volcanic



rocks interfingered with lacustrine deposits in numerous small
to extensive shallow lakes. Almost all mineral deposits associ-
ated with the bimodal assemblage are epithermal, including
Au-Ag veins (Midas, Sleeper) and hot-spring deposits (Ivan-
hoe and Goldbanks Hg-Au, McDermitt U-Hg) (see chapter 9).
Northern Nevada experienced varying amounts of exten-
sion throughout the Tertiary (Christiansen and Yeats, 1992).
Middle to late Tertiary extension produced large low-angle
detachment faults in the Ruby Mountains and East Humboldt
Range (Snoke and Miller, 1988) and differential tilting and
uplift throughout the region (Seedorff, 1991; John and others,
2000). West-southwest-directed extension began in the middle
Miocene and continued to about 6-8 Ma. Extension then
shifted to a northwest direction and began to create the modern
basin-and-range physiography. High-angle faults produced
during both extensional periods provided fluid flow paths for
the related epithermal mineralizing systems. During the most
recent period of extension, deep-seated magmas underplated

Geologic Setting of the Humboldt River Basin 61

the extending crust beneath northern Nevada. High heat flow
related to this magmatic underplating has produced numer-
ous hot springs and geothermal areas in the region (Shevenell
and others, 2000), including late Tertiary and Quaternary

Au deposits at Dixie Comstock, Sulphur/Hycroft, and Wind
Mountain and Mn-W deposits at Golconda.

Late Tertiary and Quaternary unconsolidated sediments
blanket at least half of northern Nevada, filling the broad,
intermontane basins that formed during late Tertiary and
Quaternary crustal extension (fig. 4-2). Widespread Qua-
ternary lakes, such as Pleistocene Lake Lahontan, depos-
ited fine-grained sediments in western and central Nevada,
further adding to the young sedimentary cover. While these
deposits host placer gold and titanium deposits along the
original lake margins, their most significant economic impact
is that they conceal vast areas of bedrock that undoubtedly
contain mineral deposits such as those described elsewhere
in this report.
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based on Stewart and Carlson (1977); figure from digital geologic map provided by Nevada Bureau of
Mines and Geology. Dark blue line shows the approximate outline of the Humboldt River Basin.
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Geologic Events in Northern Nevada
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Cenozoic Events in Northern Nevada
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Chapter 5

Geochemical Data for the Humboldt River Basin

By Steve Ludington

Introduction

The chemical composition of stream-sediment samples
reflects the overall chemistry of rocks contained within the
drainage basins upstream from the samples. This information
can be used to identify those basins that contain anomalous
concentrations of elements that may be related to mineral
deposits or other geologic features. Soil samples have a simi-
lar use, and they also may reflect the chemistry of underlying
rocks. However, the area of influence of any particular sample
is more restricted than for stream-sediment samples because
the materials are more locally derived. Nevertheless, they are
sometimes the only samples available for an area, and can still
be of value for mineral exploration and assessments.

Geochemical data for several elements have been used
in the present mineral resource assessment of the Humboldt
River Basin (HRB). The purpose of this chapter is to catalogue
the available data, and to indicate some of the ways these data
could be used to enhance the present assessment.

Data

A significant existing data set of stream-sediment and
soil samples covers nearly all of the HRB. Figure 5-1 shows
the geographic distribution of the two distinct data sets that
cover the study area. The two data sets contain a total of 7,589
individual samples and provide nearly complete coverage
of the northern half of Nevada and a small area in the north-
eastern corner of California. Both data sets represent samples
that were collected in the 1970s under the National Uranium
Resource Evaluation program (NURE) and that were reana-
lyzed in the 1990s. These NURE samples are now curated by
the U.S. Geological Survey (USGS). Details of the program
can be found in Smith (2000).

Sources of Data

In 1993 through 1995, the USGS conducted a mineral
resource assessment of the Winnemucca and Surprise resource

areas for the Bureau of Land Management (BLM) in north-
west Nevada and northeast California (fig. 5-1; Doebrich

and others, 1994; Peters and others, 1996). To support that
assessment, more than 3,000 NURE samples were reanalyzed
by USGS laboratories, a few hundred new samples were col-
lected, primarily in the California part of the study area. Those
results are reported in USGS Open-file Report 96-062 (King
and others, 1996).

In 1995, as part of the present mineral resource assess-
ment of the HRB, the reanalysis of an additional group of
samples in north-central and northeastern Nevada was begun
(fig. 5-1). Those analyses were performed by private-sector
laboratories, in cooperation with the Nevada Bureau of Mines
and Geology, and analyses were completed in 2000. The
results have been released as USGS Open-file Report 2000-
421 (Folger, 2000).

Methods

In both studies, the original, archived samples, were
obtained from USGS storage in a Denver, Colo., warehouse,
and splits were taken for analysis. The splits were sieved,
when necessary, to pass an 80-mesh (0.18-mm) sieve, and
the finer-grained fraction was used for analysis. Samples
were analyzed for about 40 elements by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (Briggs,
1990, or similar method). The samples also were analyzed
by a partial extraction ICP-AES method (Motooka, 1990, or
similar method) to obtain lower limits of determination for
selected elements. This second method utilizes a partial solu-
tion method, using concentrated hydrochloric acid and hydro-
gen peroxide, followed by extraction into an organic solvent,
and it is designed to measure the metals not bound in silicate
minerals. Gold contents of the samples were determined by
atomic absorption spectrophotometry (AA) with a graphite
furnace (O’Leary and Meier, 1990), providing a distinctly
lower limit of determination. A small number of samples (55
samples) collected by the USGS in the Reno 1°x2° quad-
rangle was analyzed for Hg by cold vapor atomic absorption
spectrophotometry (CVAA) (O’Leary and others, 1990).
Additional samples were analyzed for As, Se, Te, and Tl by a
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hydride-generation atomic-adsorption spectrometry method.
The elements analyzed in both studies and their lower limits of
determination are given in table 5-1.

Discussion

Analysis and interpretation of a comprehensive data set
that covers a large geographic area, like the one available for
the HRB, requires a few special precautions and considerations.

The area spans a wide variety of geologic and tectonic
environments, as described in chapter 4. In the east, the area
consists of primarily carbonate and quartzite sedimentary
rocks that overlie the stable North American craton. In the
far northwest, all rocks exposed at the surface are Miocene
volcanic rocks and their clastic derivatives. These rocks
overlie a basement that is completely hidden but which may
be composed entirely of Jurassic oceanic crust. In between
these two regions lie several lithologically varied terranes that
were accreted to North America in a complex series of events
throughout Phanerozoic time (see chapter 4), and that now
overlie a complexly fragmented cratonal margin. It is unre-
alistic to expect any element to exhibit a single background
concentration or value over such a varied spectrum of rocks.
As aresult, users of these data would do well to model the

geochemical background carefully, in order to distinguish
between residual anomalies that may be related to mineral
deposits and regional anomalies that are related to varied
lithology and structure.

Once background values are carefully established, their
removal should result in a series of residual anomalies, that
may, or may not, be related to known or undiscovered mineral
deposits. Residual anomalies for individual elements may, or
may not, be useful in distinguishing between different mineral
deposit types, and many of them may correspond to little-
known or insignificant mineral deposits. Finally, the pattern
of such anomalies may reveal important information about
the location, nature, and history of large basement structural
features.

An example of application of the methods discussed
above was described by Ludington and others (2000). In that
study, the data for As were gridded, and then, using a series of
band-pass frequency filters, the entire map was resolved into
distinct textural components. Each of the three maps used for
interpretation emphasized features of differing wavelengths,
from hundreds of kilometers for a map that shows one fea-
ture—the margin of the pre-Cretaceous craton—to 5 to 20 km
for a residual map that shows anomalies related to mineralized
areas. This residual map was used in the data-driven compo-
nent of the mineral resource assessment described in chapters
7-9 (see also, chapter 2).
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Figure 5-1. Location of major stream-sediment and soil-sample surveys,
northern Nevada, used for Humboldt River Basin mineral assessment. Hum-
boldt River Basin outlined in blue.
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Table 5-1. Elements analyzed and detection limits for NURE samples used for Humboldt River Basin mineral

resource assessment.

Element Symbol Method DL (or minimum value) DL (or minimum value) Units
Humboldt Winnemucca-Surprise

silver Ag ICP-total 0.5 2 ppm
aluminum Al ICP-total 0.82 0.69 percent
arsenic As ICP-total 5 10 ppm
gold Au ICP-total 4 8 ppm
barium Ba ICP-total 92 26 ppm
beryllium Be ICP-total 1 1 ppm
bismuth Bi ICP-total 5 10 ppm
calcium Ca ICP-total 0.13 0.2 percent
cadmium Cd ICP-total 0.4 2 ppm
cerium Ce ICP-total 10 4 ppm
cobalt Co ICP-total 2 2 ppm
chromium Cr ICP-total 6 1 ppm
cesium Cs ICP-total 5 n.d. ppm
copper Cu ICP-total 2 3 ppm
europium Eu ICP-total n.d. 2 ppm
iron Fe ICP-total 0.38 0.21 percent
gallium Ga ICP-total 1 4 ppm
holmium Ho ICP-total n.d. 4 ppm
potassium K ICP-total 0.34 0.17 percent
lanthanum La ICP-total 5 4 ppm
lithium Li ICP-total 5 6 ppm
magnesium Mg ICP-total 0.03 0.12 percent
manganese Mn ICP-total 82 130 ppm
molybdenum Mo ICP-total 2 2 ppm
sodium Na ICP-total 0.07 0.1 percent
niobium Nb ICP-total 2 4 ppm
neodymium Nd ICP-total n.d. 5 ppm
nickel Ni ICP-total 2 2 ppm
phosphorous P ICP-total 0.012 0.008 percent
lead Pb ICP-total 5 4 ppm
rubidium Rb ICP-total 19 n.d. ppm
antimony Sb ICP-total 15 n.d. ppm
scandium Sc ICP-total 1 2 ppm
tin Sn ICP-total 2 5 ppm
strontium Sr ICP-total 33 29 ppm
tantalum Ta ICP-total n.d. 40 ppm
thorium Th ICP-total 2 4 ppm
titanium Ti ICP-total 0.04 0.03 percent
uranium U ICP-total 10 100 ppm
vanadium v ICP-total 4 6 ppm
tungsten w ICP-total 4 n.d. ppm
yttrium Y ICP-total 4 4 ppm
ytterbium Yb ICP-total n.d. 1 ppm
zinc Zn ICP-total 18 5 ppm
zirconium Zr ICP-total 10 n.d. ppm
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Table 5-1. Elements analyzed and detection limits for NURE samples used for Humboldt River Basin mineral
resource assessment.—Continued

Element Symbol Method DL (or minimum value) DL (or minimum value) Units
Humboldt Winnemucca-Surprise
silver Ag Partial 0.012 0.067 ppm
arsenic As Partial 0.86 .67 (1) ppm
gold Au Partial n.d. 0.1 ppm
bismuth Bi Partial 0.019 1 ppm
cadmium Cd Partial 0.019 .05 (.5) ppm
copper Cu Partial 1.28 1 ppm
gallium Ga Partial 0.733 n.d. ppm
mercury Hg Partial 0.00001 n.d. ppm
molybdenum Mo Partial 0.204 0.08 ppm
lead Pb Partial 3.11 1.1 ppm
antimony Sb Partial 0.095 .67 (1) ppm
selenium Se Partial 0.0002 n.d. ppm
tellurium Te Partial 0.0005 n.d. ppm
thallium Tl Partial 0.084 n.d. ppm
zinc Zn Partial 10 1.7 ppm
gold Au  |Graphite furnace 0.00001 0.002 ppm
AA

arsenic As hydride 0.6 n.d. ppm
selenium Se hydride 0.1 n.d. ppm
tellurium Te hydride 0.1 n.d. ppm
thallium Tl hydride 0.2 n.d. ppm

Abbreviations: n.d., no data; DL, detection limit.
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Chapter 6

Geophysical Methods and Application

By D.A. Ponce

Introduction

Geophysical investigations of the Humboldt River Basin
(HRB) (fig. 6-1) are part of an interagency effort by the U.S.
Geological Survey (USGS) and Bureau of Land Management
(BLM) to help characterize the geology, mineral resources,
and hydrology of northern Nevada. This report describes
the geophysical data and methods used to aid in the present
mineral-resource assessment of the HRB. Basic gravity and
magnetic data sets available for the study area are described
in this chapter. The interpretation of these geophysical data
were aided by the use of simplified geologic map of northern
Nevada and the HRB, derived from a digital version of Stew-
art and Carlson’s (1978) geologic map of Nevada (fig. 6-2).

Geophysical Data and Maps

Gravity

An isostatic gravity map (fig. 6-3) of the HRB was com-
piled from data from more than 30,000 gravity stations, most
of which are publicly available and described on a CD-ROM
of gravity data of Nevada (Ponce, 1997). This data set, which
in part includes gravity data recently collected by the USGS
(Ponce and others, unpub. data, 2000), resulted in publication of
the final two remaining gravity maps of Nevada—the Lovelock
and Vya 1 x 2 degree quadrangles (Ponce and others, 1999;
Ponce and Plouff, 2001). In addition, an isostatic gravity map
of the central part of the HRB that covers the Battle Mountain
30 x 60 minute quadrangle was described by Ponce and Morin
(1999). Gravity data coverage varies from one area to another
and averages about 1 to 2 stations per 4 km? (fig. 6-4).

All gravity data were reduced using standard gravity
methods (for example, Dobrin and Savat, 1988; and Blakely,
1995). Gravity data processing included the following cor-
rections: (1) the earth-tide correction, which corrects for tidal
effects of the moon and sun; (2) instrument drift correction,
which compensates for drift in the instrument’s spring; (3)
the latitude correction, which incorporates the variation of the
Earth’s gravity with latitude; (4) the free-air correction, which
accounts for the variation in gravity due to elevation relative

to sea-level; (5) the Bouguer correction, which corrects for

the attraction of material between the station and sea-level;

(6) the curvature correction, which corrects the Bouguer cor-
rection for the effect of the Earth’s curvature; (7) the terrain
correction, which removes the effect of topography to a radial
distance of 166.7 km; and (8) the isostatic correction, which
removes long-wavelength variations in the gravity field arising
from isostatic compensation of crustal roots that are inversely
related to topography.

Observed gravity values were referenced to the Inter-
national Gravity Standardization Net 1971 (IGSN 71)
gravity datum (Morelli, 1974). Free-air gravity anomalies
were calculated using the Geodetic Reference System 1967
formula for the theoretical gravity on the ellipsoid (Interna-
tional Union of Geodesy and Geophysics, 1971) and Swick’s
formula (1942) for the free-air correction. Bouguer, curvature,
and terrain corrections were added to the free-air correction
to determine the complete Bouguer anomaly at a standard
reduction density of 2,670 kg/m?. Finally, a regional isostatic
gravity field was removed from the Bouguer gravity field
assuming an Airy-Heiskanen model for isostatic compensa-
tion of topographic loads (Jachens and Roberts, 1981) with an
assumed crustal thickness of 25 km, a crustal density of 2,670
kg/m?, and a density contrast across the base of the model of
400 kg/m?>.

Terrain corrections, which account for variation of topog-
raphy near a gravity station, were computed using manual
methods for older data and digital methods for recent data. Ter-
rain corrections consist of a three-part process: (1) the innermost
or field terrain correction, (2) inner-zone terrain correction, and
(3) outer-zone terrain correction. Terrain corrections nearest the
gravity station, that is the innermost or field terrain corrections,
were estimated in the field and typically extend to a radial dis-
tance of 53 to 68 m. Inner-zone terrain corrections were made
using either Hayford and Bowie (1912) or Hammer (1939)
systems that divide the terrain surrounding a gravity station into
zones and equal-area compartments. Average elevations for
each compartment were manually estimated from the largest-
scale topographic maps available, usually USGS 1:24,000-scale
maps. The terrain corrections were then calculated on the basis
of the average estimated elevation of each compartment. Inner-
zone terrain corrections typically extend to a radial distance of
0.59 to 2.29 km. With the advent of computer processing and
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the availability of detailed digital elevation models (DEMs),
modern-day inner-zone terrain corrections were computed using
USGS 7.5" DEMs with a resolution of 30 m derived from USGS
1:24,000-scale topographic maps. Outer-zone terrain correc-
tions, to a radial distance of 166.7 km, were computed using a
DEM derived from USGS 1:250,000-scale topographic maps
and an automated procedure (Plouff, 1966; Godson and Plouff,
1988). Digital terrain corrections were calculated by computing
the gravity effect of each grid cell using the distance and differ-
ence in elevation of each grid cell from the gravity station.

The resulting isostatic gravity digital data set was gridded
at an interval of 800 m using a computer program (Webring,
1981) based on a minimum curvature algorithm by Briggs
(1974). The resulting grid was then interpolated to a 1-km
grid and color contoured.

Magnetics

A residual total intensity aeromagnetic map (fig. 6-5) of
the study area was derived from a statewide compilation by
Hildenbrand and Kucks (1988). Aeromagnetic surveys were
flown at various flight-line spacings and altitudes (fig. 6-6).
Most of the study area was flown at a flight-line spacing of
0.6-1.2 km (1-2 mi) and a barometric flight-line altitude greater
than or equal to 2.7 km (9,000 ft). The northeastern part the
map is covered by NURE (National Uranium Resource Evalua-
tion) aeromagnetic surveys flown at a coarse flight-line spacing
of 4.8 km (3 mi) and a nominal flight-line elevation of 120 m
(400 ft) above the ground. Other parts of the maps were flown
at a flight-line spacing of 1.2 km (1 mi) and a nominal flight-
line elevation of 152—-610 m (500-2,000 ft) above the ground.
Residual magnetic anomalies were computed by subtracting
an International Geomagnetic Reference Field (Langel, 1992)
appropriate for the year of the survey. Individual aeromagnetic
surveys were upward or downward continued, if necessary, to
a flight-line elevation of 305 m (1,000 ft) above the ground,
adjusted to a common datum, and merged to produce a uni-
form map that allows interpretations across survey boundar-
ies. Because of the coarse flight-line spacing and, in general,
high flight-line elevation, the resulting magnetic map may
not resolve magnetic sources lying at shallow depths beneath
the surface. In addition, because of the poor quality of some
surveys, caution should be exercised when interpreting short-
wavelength anomalies that cross the original survey boundaries.
The digital data set was gridded at an interval of 1 km using a
computer program (Webring, 1981) based on a minimum curva-
ture algorithm by Briggs (1974) and color contoured.

Physical-Property Data

Physical-property data from rocks within the study area
are essential for understanding the relation between geophysi-
cal anomalies and their causative sources. For purposes of this
study, rock samples were collected at newly acquired gravity
stations when a rock outcrop was nearby and at other locations

when time permitted. More than 480 physical property measure-
ments are available from within the study area (fig. 67, table
6-1). Rock densities within the study area can be separated into
several broad groups: (1) pre-Cenozoic rocks that have an aver-
age density of about 2,700 kg/m?, (2) felsic granitic rocks that
have an average density of about 2,650 kg/m?, (3) mafic volcanic
rocks that have an average density of about 2,800 kg/m?, (4)
felsic volcanic rocks that have a density of about 2,200 to 2,400
kg/m?, and (5) low-density alluvial deposits that are inferred to
have a range in density of about 1,800 to 2,200 kg/m?.

Magnetic rock properties may have a wide range in
values that span several orders of magnitude. Magnetic
properties also can be separated into several broad groups
for geophysical analyses, including essentially nonmagnetic
pre-Cenozoic carbonate rocks, granitic rocks with moder-
ately variable magnetic properties, volcanic rocks that may
have highly variable induced and remanent magnetizations,
and essentially nonmagnetic alluvial deposits. Granitic rocks
are moderately magnetic, and about 60 samples in northern
Nevada have an average susceptibility of 0.51 cgs units and
a range in susceptibility of 0.00 to 1.97 cgs units. In general,
felsic volcanic rocks are moderately magnetic, and 24 samples
of felsic volcanic rocks have an average susceptibility of 0.21
cgs units and a range in susceptibility of 0.00 to 0.60 cgs units.
Mafic dikes, in the vicinity of the Northern Nevada Rift and
the two similar features to the west (NNRW, NNRC, NNE, fig.
6-1), are strongly magnetic, and 35 sites (81 samples) have an
average susceptibility of 1.87 cgs units and a range in suscep-
tibility of 0.24 to 5.30 cgs units.

On the basis of their aeromagnetic expression, magnetic
properties of mapped Jurassic, Cretaceous, and Eocene plu-
tons were inferred for the central part of the HRB (fig. 6-8).
The area is bounded by latitudes 40° 00 and 41° 45°N., and
longitudes 115° 45” and 117° 30’W. Only one third of the 23
Jurassic plutons are associated with magnetic highs; 4 out of
5 Cretaceous plutons are associated with magnetic highs; and
only about a third of the 34 Eocene plutons in this area are
associated with magnetic highs. Although Cretaceous plutons
are more commonly associated with magnetic highs than other
granitic rocks of either Jurassic or Eocene age, there are prob-
ably an insufficient number of Cretaceous plutons in the study
area for this inference to be statistically significant. Overall, the
results indicate that one age group is not preferentially more
commonly magnetic than another age group. Thus, for exam-
ple, acromagnetic data alone do not support the notion that
circular magnetic highs usually reflect plutons of Eocene age.

Derivative Geophysical Maps

Depth to Basement Map

An iterative gravity inversion method (Jachens and
Moring, 1990) was used to determine the thickness of Ceno-
zoic basin deposits in northern Nevada shown in figure 6-9.



Gravity data used in this process were reduced using standard
techniques that include terrain and isostatic gravity correc-
tions. Isostatic gravity anomalies (Simpson and others, 1986)
were used during the inversion process because they enhance
or reflect shallow- to mid-crustal sources within the Earth.

The depth-to-basement method separates the gravity field
into two components—the field caused by pre-Tertiary base-
ment and the field caused by overlying younger basin deposits.
An initial basement gravity field is determined by using just
those stations located on pre-Cenozoic basement outcrops. The
initial basement gravity field is only approximate because sta-
tions located on basement are influenced by the gravity effect
of low-density deposits in nearby basins, especially for those
stations near the edge of the basins. The difference between
the isostatic gravity and basement gravity fields provides the
first estimate of the basin gravity field, which is inverted to
provide the first estimate of the basin depth and shape. The
gravitational effects of the basins are subtracted from each
station located on basement, and a new and improved base-
ment gravity field is determined. This process is repeated until
successive iterations converge. Inversion of the final basin
gravity field constrained with a density-depth function (table
2), geology, and drill-hole information yields an estimate of
the depth to pre-Tertiary basement. The density of basement
rocks is allowed to vary horizontally, whereas the density of
basin-filling deposits increases with depth according to the
density-depth relationships shown in table 2. The density-
depth function is based on density information from rock
samples, geophysical well logs, and borehole gravity data.

A density-depth profile representative for the entire state of
Nevada (Jachens and Moring, 1990) was used for sedimentary
and volcanic deposits. Drill-hole data were used as indepen-
dent constraints for the Winnemucca quadrangle (Ponce and
Moring, 1998) in the central part of the study area. The digital
data sets used in the depth-to-basement process were gridded
at an interval of 2 km using a computer program (Webring,
1982) based on a minimum curvature algorithm by Briggs
(1974). The resulting grid was then interpolated to a 1-km grid
to minimize pixel size and color-contoured.

A number of limitations are inherent in the gravity data
themselves, as well as in the inversion process. Some uncer-
tainties are related to the gravity data coverage, especially
for stations on basement outcrops, the density-depth func-
tion, accuracy or scale of the geologic mapping, simplifying
assumptions regarding concealed geology, and the distribution
of basement outcrops. The depth-to-basement process itself
is regional in scope and caution should be exercised when
using these results at a scale greater than about 1:250,000. A
more detailed discussion of the limitations and accuracy of the
method are provided by Jachens and Moring (1990).

Basement Gravity Map

One of the by-products produced during the depth-to-
basement process described above is a basement gravity map
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(fig. 6-10). The basement gravity map is the isostatic gravity
map with the effects of Cenozoic basins removed and reflects
lateral density variations in pre-Cenozoic basement rocks. The
basement gravity map is particularly useful for defining pre-
Cenozoic structures and crustal geophysical domains.

Reduction-to-the-magnetic-pole Map

Because the regional magnetic field and the direction of
magnetizations are seldom vertical, magnetic anomalies are
commonly laterally displaced from their sources and may have
distorted, asymmetrical shapes. This effect often increases the
complexity and difficulty of magnetic anomaly interpretation.
A reduction-to-the-magnetic-pole (RTP) transformation and
resulting map (fig. 6-11) removes the effect of the direction of
the earth’s magnetic field and the direction of magnetization
by transforming the data to their expression at a vertical field
and magnetization as if measured at the north magnetic pole.
Remanent magnetization is assumed to be either negligible or
in the same direction as the Earth’s magnetic field. This trans-
formation approximately centers magnetic anomalies over
their sources and will produce a symmetrical anomaly over a
symmetrical source. A more detailed discussion of reduction
to the pole can be found in Baranov and Naudy (1964) and
Blakely (1995).

Magnetic-Potential (or Pseudogravity) Map

The magnetic and gravity potentials are related by a
directional derivative, thus the total magnetic field can be
transformed into an equivalent gravity field. Magnetic-poten-
tial, or pseudogravity, maps (fig. 6—12) are produced by the
transformation of the magnetic field into the equivalent gravity
field assuming a density distribution equal to the magnetiza-
tion distribution (Baranov, 1957). The ratio between magneti-
zation and density is held constant, and, in this application, the
ratio is a magnetization contrast of 0.001 cgs units to a density
contrast of 0.10 g/cm?. This process amplifies long wave-
lengths (deeper sources) at the expense of short wavelengths
(shallow sources). The pseuodogravity transformation is a
useful geophysical tool because interpretations of magnetic
maps are often more complex than interpretations of gravity
maps. In addition, because gravity anomalies have their steep-
est gradients approximately over the edges of their causative
sources, especially for shallow sources, the magnetic potential
map can be used to approximate the edges of magnetic sources
(Blakely, 1995).

To illustrate differences between total magnetic field,
reduction to the pole, and magnetic potential, two theoretical
models were constructed across idealized sources. A theoreti-
cal profile across a buried slab along east-west and north-south
trending lines is shown in figure 6-13. The slab is 2-km
thick, 100 km in length, and buried at a depth of 2 km. The
relative ratio of the magnetization and density distribution
during the transformation to pseudogravity anomalies is as
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described above. The model reveals that the total magnetic
field is asymmetrical and that the edge of the source does not
correlate with the inflection point of the magnetic profile.

In contrast, the RTP and magnetic potential anomalies are
centered over the source and their maximum horizontal
gradients align with the edges of the buried slab. In addition,
these profiles reveal that the magnetic potential anomaly has
a simple (gravimetric) form and removes the complexity of
interpreting total field or RTP anomalies. Another example
illustrating the differences between these derivative magnetic
maps is a theoretical model in contour form over a cube 2 km
on a side and buried at a depth of 2 km (fig. 6-14). Especially
noticeable is the transformation of the total field anomaly to
the RTP anomaly where the anomaly becomes centered over
the symmetrical source.

Maximum Horizontal Gradients

To better define the edges of geophysical sources and to
help derive geophysical lineaments and terranes, the maxi-
mum horizontal gradients of both gravity and magnetic data
were computer generated. A technique described by Blakely
and Simpson (1986) was used to calculate the maximum
horizontal gradients. Maximum horizontal gradients were
derived for both previously described basement gravity
and magnetic-potential maps, and their locations are shown
on the isostatic-gravity and total-field aeromagnetic maps,
respectively (figs. 63 and 6-5). These maxima reflect
abrupt lateral changes in the density or magnetization of the
underlying rocks.

Geophysical Lineaments and Terrane Maps

To facilitate integration of geophysical interpretations
into the mineral assessment of the HRB, geophysical features
were converted to lineaments and similar structural fabrics or
crustal terranes. Gravity and magnetic lineations (figs. 6-15
and 6-16) were derived from the basic data sets with the aid
of a physical boundary enhancing technique to determine the
maximum horizontal gradients (Blakely and Simpson, 1986).
Terrane maps, on the other hand, reflect regions with similar
features or crustal blocks of similar physical properties or
sources. Gravity and magnetic terrane maps (figs. 617 and
6-18) were created by visual inspection of gravity, magnetic,
and derivative geophysical maps; by drawing polygons around
similar geophysical areas; and by using lineaments as a guide
to locating terrane boundaries.

These techniques resulted in production of four interpre-
tive maps that include basement-gravity lineaments, magnetic
lineaments, basement gravity terranes, and magnetic terranes.
These maps were derived from the aforementioned geophysi-
cal data and derivative products including isostatic grav-
ity, basement gravity, aeromagnetics, reduction-to-the-pole
magnetics, magnetic potential, and the maximum horizontal
gradients of gravity and magnetic data. The utilization of

these four digital products in the data-driven part of the HRB
mineral resource assessment of pluton-related, sedimentary
rock-hosted Au—Ag, and epithermal deposits are described in
chapter 2.

Application to Data-Driven Modeling
Methods

The data-driven modeling process used in the mineral
assessment is geographic information system- (GIS-) driven
and utilized both weights-of-evidence and weighted-logistic-
regression processes. These two methods were ultimately
integrated with expert knowledge to derive the final mineral
resource assessment (see Chapter 2). The data-driven model-
ing component of the mineral assessment utilized a represen-
tative training set for a particular deposit type, determined
the weights of spatial association between specific GIS lay-
ers and the training set, and then, using a weighted-logistic-
regression process, predicted the probability of undiscovered
mineral deposits (see chapter 2). These data-driven methods
are particularly well suited to utilizing categorical data, such
as geologic terranes, and ratio data, such as proximity to
linear features. Although geophysical contours in themselves
also are easily incorporated into a data-driven modeling
process, they can lead to erroneous results for the following
reasons:

e Datums are arbitrary—compounded by numerous
individual surveys merged together and datum shifted
to match one another.

 Contour intervals have no absolute or physical mean-
ing.

* Contour levels from one place to another may not
reflect the same source or feature. A simple horizontal
sheet, for example, that may not have any significance
to mineral resource potential could shift anomaly val-
ues from one place to another.

* For total intensity magnetic maps, the dipole nature of
magnetic anomalies and the remanent magnetization
properties of rocks are not taken into account.

 Alteration may have destroyed the magnetic properties
of the causative rocks and thus altered the magnetic
anomaly from one place to another.

* Physical properties can be highly variable within a
single lithologic unit, especially magnetic properties
that can vary by several orders of magnitude.

Because of these limitations, direct use of geophysi-
cal contours should be avoided in the data-driven modeling
process and, thus, contour information was not used in the
HRB mineral resource assessment. To facilitate the use of
geophysical information, geophysical maps were converted



to interpretive causative features such as lineaments, physi-
cal property boundaries, similar geophysical fabrics, and
geophysical terranes. Filtered geophysical maps were used as
an aid in determining the location and physical boundaries of
these features. When using a particular layer in the model-
ing process, it is also important to verify that the physical
model on which the data are based is honored in the model-
ing process. For example, suppose high values of limonite
anomalies (iron-oxide staining that may reflect hydrothermal
alteration) correlate to epithermal gold deposits—can we
develop a physical model to account for the relationship, can
the model be verified in the field, and is it properly repre-
sented in the modeling process? In addition to these caveats,
Singer and Kouda (1999) compared the weights-of-evidence
method to probabilistic neural networks and described some
of the limitations involved in using the weights-of-evidence
method. In particular, results can be biased if the target area is
not uniformly explored, and adverse effects may result even
when there is small to moderate correlation between data lay-
ers (non-independent layers). These caveats were mitigated in
the mineral assessment of the HRB by using expert opinion
and by combining evidence layers using weighted logistic
regression (Chapter 2).

Discussion

General

In general, isostatic gravity anomalies reflect lateral
(horizontal) density variations in the middle to upper crust.
Thus, gravity anomalies can be used to infer the subsurface
structure of known or unknown geologic features. In gen-
eral, gravity anomalies within the HRB reflect carbonate
rocks, calderas, deep sedimentary basins, plutons, and linear
geologic features such as faults. Many of these features play
an important role in assessing the mineral resource potential
of the HRB. These features may also play an important role
as aquifers or confining units in the region, and their distribu-
tion is important to understand the hydrogeologic framework
of the area. Pre-Cenozoic carbonate and crystalline rocks
underlie most of the region, and their subsurface distribution
is especially important in evaluating the hydrogeology of the
area. Thick accumulations of Tertiary volcanic rocks are pres-
ent in the central and northwestern part of the HRB. These
volcanic rocks also play a significant role in the extensional
history of the area. Quaternary alluvial deposits are present
throughout the study area and are composed of nonmarine
sedimentary and volcanic rocks. These deposits and their
thickness affect the depth of mineral exploration and may
play an important role in the saturated-zone hydrology of the
deep alluvial basins within the study area.

Geologic features commonly produce small magnetic
fields that perturb the main field of the Earth and can be
enhanced by the removal of a regional magnetic field. These

Geophysical Methods and Application 15

measurements reflect lateral changes in rock magnetic
properties and can be analyzed to gain insights into the
three-dimensional nature of the causative source. In general,
aeromagnetic anomalies within the HRB reflect volcanic
rocks, calderas, granitic intrusions, and linear geologic fea-
tures such as faults. Many of these features play an impor-
tant role in ore formation, and their distribution is important
to the understanding of the mineral resource framework

of the area. In this region, the use of magnetic methods is
critical to the understanding of the geologic, tectonic, and
hydrogeologic framework. The diverse physical properties
of rock units that underlie this region are well suited to geo-
physical investigations. The contrast in magnetic properties
between pre-Cenozoic rocks, volcanic rocks, and alluvium
produces a distinctive pattern of anomalies that can be used
to determine the sources of the anomalies and their subsur-
face extent.

Most Paleozoic rocks are relatively non-magnetic within
the study area. Intrusive rocks are, in general, moderately
magnetic and are associated with magnetic highs. Tertiary
volcanic rocks are strongly magnetic with variable magnetic
properties, and they play significant roles in assessing the
mineral resource potential and extensional history of the
area. Thick accumulations of these volcanic rocks are present
throughout the study area. Alluvial deposits within the study
area are essentially nonmagnetic and most basins have sub-
dued magnetic anomalies with the exception of those basins
that may contain volcanic centers, buried volcanic rocks, or
buried granitic rocks.

Depth to Basement

In general, the depth-to-basement within basins in
the study area (fig. 6-9) is similar to that of other basins in
Nevada, where most basins are less than about 2 km thick.
Several basins within the HRB study area are greater than
about 5 km in thickness, including Pine Valley, one of the
deepest basins in Nevada. Most basins are characterized by
the presence of multiple subbasins and steep gravity gradients
along their margins.

Many basins within the study area veer northward as
they approach the Northern Nevada Rift (NNR), as observed
by Blakely and Jachens (1991b). This is particularly evident
for the following basins that, from south to north, include:
Railroad Valley, Antelope Valley-Monitor Valleys, Little
Smoky Valley, Carico Lake-Crescent Valleys, Pine Valley,
and Reese River Valley (figs. 6-9 and 6-1). This phenomenon
is probably related to the basement feature described below
rather than the NNR that is itself contained within the base-
ment gravity high.

As a general guide to mineral exploration, Cenozoic
basins that are greater than about 1 km thick are uneconomi-
cal to exploit, and these areas were excluded in the mineral
resource assessment of the HRB. Although 80 percent of the
bedrock in Nevada is covered by basin-fill deposits, these
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deposits are thicker than 1 km in only about 20 percent of the
State (Blakely and Jachens, 1991a). Thus, a large portion of the
potentially favorable source rocks that are present below basin-
fill deposits in Nevada are within reach of current exploration
models.

Basement Gravity

A prominent “V-shaped” basement gravity high tran-
sects northern Nevada (fig. 6-10). In the middle part of the
HRB, this high is characterized by a steep basement gravity
gradient trending N20°W that parallels the NNR, especially
from Eureka to north of Battle Mountain. Gravity modeling
suggests that this feature is not caused by mafic volcanic
rocks because the associated magnetic anomaly would be
too large. Rather, the feature probably is related to lateral
density contrasts within basement rocks. This basement
feature is about 40 km wide and includes the NNR. The
western margin of the western leg of this feature lies near the
western edge of the NNR. The eastern edge of the western
leg of this feature is parallel to and lies near the Carlin min-
eral trend. This basement gravity feature probably reflects a
deep crustal structure that may have been reactivated by the
NNR and Basin and Range normal faulting (Ponce and Glen,
2000).

A crustal feature along the Battle Mountain-Eureka min-
eral trend (BME) was described in detail by Grauch and others
(1995, 1998) and Rodriguez (1998) on the basis of gravity,
magnetic, and electrical data. The BME (Roberts, 1966) is
defined as an alignment of a wide range of gold deposits that
includes sediment-hosted disseminated and pluton-related gold
deposits in north-central Nevada. The Battle Mountain-Eureka
crustal feature diverges from the trend of the NNR and the
basement gravity feature described above, and it appears to
be a second-order feature and possibly could be related to the
NNR basement gravity feature. These regional crustal features
are of critical importance to mineral exploration in northern
Nevada as they may serve as the structural controls on miner-
alizing fluids and ore deposition.

Northern Nevada Rift and Related Features

Some of the most prominent magnetic anomalies in the
study area are the Northern Nevada Rift (NNRE, fig. 6-5),
described in great detail by Zoback (1978) and Zoback and
others (1995) and the two similar and parallel features to
the west (NNRW, NNRC; fig. 6-5). These features are here
called the western, central, and eastern Northern Nevada Rifts
(NNRW, NNRC, and NNRE, respectively). Recent studies of
the NNRE by John and others (2000) and John and Wallace
(2000) indicate that the NNRE is a much broader rift fea-
ture than previously thought and correlates to mid-Miocene
epithermal Au—Ag deposits. They indicate that the rift formed
in the mid-Miocene between 16.5 and 15 Ma. Within the
HRB, the NNRE is defined by an arcuate aeromagnetic high

that reflects mafic rocks that extend to depths of about 15
km. Recent geophysical and paleomagnetic studies by Ponce
and Glen (2000) and Glen and Ponce (2000) suggest that the
NNRE and the two parallel features to the west are geneti-
cally related, arcuate, and extend well to the north beyond
the Nevada-Oregon border. Furthermore, they suggest that
these features converge and probably reflect the impact of
the Yellowstone hot spot on the crust, not at the McDermitt
caldera along the Nevada-Oregon border (lat 42°N.) as previ-
ously suggested (e.g., Pierce and Morgan, 1992; Zoback and
others, 1994; John and others, 2000), but much further to the
north along the Oregon-Idaho border at about lat 44°N. Field
investigations of these two anomalies indicate they also may
be related to possible Miocene mafic dikes (Glen and Ponce,
unpub. data, 2000), as well as to rhyolite porphyry domes (see
Chapter 9). Prominent isostatic gravity highs also correlate
to the western and central Northern Nevada Rifts as noted
by Blakely (1988). Magnetic data and their correlation with
known epithermal deposits (fig. 6-11) along these features
suggest that these sites are favorable locations for mid-Mio-
cene epithermal Au—Ag deposits.

Other Geophysical Lineaments and Terranes

Geophysical terranes defined by basement gravity highs
probably reflect lateral density variations in pre-Cenozoic
sedimentary, carbonate, or mafic igneous rocks. For example,
the basement gravity high at Emigrant Pass (fig. 6-1) that also
correlates to a large elliptical magnetic high may be related to
a possible mafic plutonic complex or possibly a metamorphic
core complex. Terranes defined by basement gravity lows may
reflect lower density pre-Cenozoic rocks or relatively less
dense plutons surrounded by more dense pre-Cenozoic rocks.
Geophysical terranes derived from magnetic data reveal three
major terranes that include the eastern Northern Nevada Rift
(NNRE) and the two similar anomalies to the west (NNRW,
NNRC), the Modoc Plateau in the northwest corner of the
study area, and the Walker Lane geophysical terrane. Other
small magnetic terranes probably reflect local accumulations
of magnetite-bearing rocks throughout the area, some of which
are pluton related.

The geophysical terranes associated with the Northern
Nevada Rifts are defined by the extent of associated arcu-
ate aeromagnetic anomalies that reflect mafic intrusions,
isostatic gravity anomalies, basement gravity anomalies,
and by the western leg portion of the prominent “V-shaped”
basement gravity anomaly along the NNRE. This terrane is
also associated with mid-Miocene felsic rhyolite flows and
domes and graben-filling sedimentary deposits along the
NNRE. Presumably, these fractures reflect the effects of the
Yellowstone hot spot on the crust that caused partial melting
of the crust.

The Modoc Plateau, in the northwest corner of the study
area, is characterized by high-amplitude, short-wavelength
aeromagnetic anomalies and an associated gravity low. These



anomalies primarily result from a thick sequence of volcanic
rocks that probably have relatively low densities and highly
variable induced and remanent magnetizations.

The Walker Lane belt, defined on the basis of a complex
zone of strike-slip faults and irregular topography, is about
100 km wide and extends about 700 km along the southwest
margin of Nevada (Stewart, 1988). The Walker Lane belt is
partly composed of Jurassic and Triassic granitic and volcanic
rocks that correlate to a northwest-trending geophysical fabric
of high-amplitude aeromagnetic anomalies in the southwest
corner of the study area (fig. 6-18). However, Blakely (1988)
noted that the associated geophysical terrane extends much
further to the northeast than the eastern edge of the physio-
graphic Walker Lane belt by as much as 150 km and probably
reflects an underlying, but similar, tectonic fabric. Cox and
others (1991) described patterns of mineralized occurrences
in the Great Basin and noted a correlation of volcanic-hosted
epithermal gold-silver deposits to the Walker Lane belt (com-
pare figs. 6-11 and 6-18). For these reasons, the geophysi-
cal expression and extension of the Walker Lane belt was
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considered as a separate terrane during the mineral-resource
analysis.

Conclusions

Gravity and magnetic studies of the HRB and their appli-
cation to a knowledge- and data-driven mineral assessment
reveal that the data from such studies are easily imported into
the mineral assessment process and provide new insights into
the mineral resource potential of the area. Gravity and mag-
netic lineaments and terranes, defined on the basis of a number
of derivative geophysical maps, suggest that these features
reflect geologic structures, some of which may be associated
with gold mineralization in northern Nevada. These features
include well-defined lineaments, such as the Northern Nevada
Rift and related features to the west, terranes associated with
the Northern Nevada Rift and related features to the west,

a basement crustal feature in north-central Nevada, and the
Walker Lane geophysical terrane.
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Figure 6-1. Shaded-relief topographic map of northern Nevada showing the outline of the Humboldt River Basin. Geologic features:
BME, Battle Mountain-Eureka mineral trend; CAR, Carlin mineral trend; NNRC, central NNR; NNRE, eastern NNR; NNRW, western
NNR. Geographic features: AR, Argenta Rim; AV, Antelope Valley; BRR, Black Rock Range; BSV, Big Smokey Valley; BV, Boulder
Valley; CCR, Cherry Creek Range; CLAN, Clan Alpine Mts; CLV, Carico Lake Valley; COR, Cortez Mts; CAR, Carson Range; CAR SINK,
Carson Sink; CV, Crescent Valley; DESA, Desatoya Mts; DM, Diamond Mts; EAST, East Range; Egan, Egan Range; EGH, East Humboldt
Range; EP, Emmigrant Pass; FCM, Fish Creek Mts; GM, Granite Mts; GR, Granite Range; GVR, Gabbs Valley Range; HOT CR, Hot Creek
Range; HR, Humboldt Range; HS, Humboldt Sink; IM, Independence Mts; JM, Jarbidge Mountains; LSV, Little Smokey Valley; MON,
Monitor Range; MV, Monitor Valley; OM, Osgood Mts; PAN, Pancake Range; PEQ, Pequop Mts; PNM, Pine Nut Mts; PV, Pine Valley;
QRV, Quinn River Valley; RV, Railroad Valley; RRV, Reese River Valley; RM, Roberts Mountain; RUBY, Ruby Mts; SCD, Smoke Creek
Desert SCR, Schell Cr Range; Snake, Snake Range; SNOW, Snow Storm Mts; SON, Sonoma Range; SPR, Simpson Park Range; SSR,
Sulphur Spring Range; STIL, Stillwater Range; TOI, Toiyabe Range; TOQ, Toquima Range; TR, Tobin Range; TUSC, Tuscarora Mts; SRR,
Santa Rosa Range; Trinity, Trinity Range; VM, Virginia Mts; WAS, Wassuk Range; and WPR, White Pine Range.
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Figure 6-2. Simplified geologic map of northern Nevada modified from Stewart and Carlson (1978). Explanation as in figure 6-1.
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Figure 6-3. Isostatic gravity map of northern Nevada. Small dots, maximum horizontal gradients derived from basement gravity

data. Explanation as in figure 6-1.
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Figure 6-4. Gravity station location map of northern Nevada.
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Figure 6-5. Aeromagnetic map of northern Nevada. Small dots, maximum horizontal gradients derived from magnetic potential
data (some dots may coalesce and appear as lines). Explanation as in figure 6-1. An expanded view of the area delimited by the bold
rectangular outline is shown in figure 6-8.
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Figure 6-6. Aeromagnetic flight-line specifications. Blue, flight-lines spaced at 3 mi and elevation at 400 ft drape (or constant ter-
rain clearance); Green, flight-lines spaced at 1 to 2 mi and elevation at 9,000 ft barometric; Orange, flight-lines spaced at 1 mi and
elevation at 9,000 barometric; Red, flight-lines spaced at 1/4 to 1 mi and elevations at 500 to 2,000 ft drape. B, barometric; D, drape.
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Figure 6-7.

Rock sample locations (red dots) in northern Nevada.
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Figure 6-8. Aeromagnetic map showing the distribution of Jurassic, Cretaceous, and Eocene plutons in the central part of
the Humboldt River basin (see fig. 6-5). Light gray, Jurassic plutons; Gray, Cretaceous plutons; Black, Eocene plutons. Geology
modified from Stewart and Carlson (1978) and Henry and Ressel (2000). Explanation as in figure 6-1.
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Figure 6-9. Depth to pre-Cenozoic basement map of northern Nevada. Gray, pre-Cenozoic basement rocks modified from

Stewart and Carlson (1978). Explanation as in figure 6-1.
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Figure 6-10. Basement gravity map of northern Nevada. Prominent ‘V-shaped’ anomaly transverses the entire study area.
Explanation as in figure 6-1.
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Figure 6-11. Reduction—to-the-pole magnetic map of northern Nevada derived from the transformation of total field magnetic
anomalies. Magnetic data indicate that epithermal gold-silver deposits (white circles) correlate to the northern Nevada rift and

the two parallel features to the west. Explanation as in figure 6-1.
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Figure 6-12. Magnetic potential map of northern Nevada derived from the transformation of magnetic anomalies; mpu, magnetic
potential units (dimensionally amperes). Explanation as in figure 6-1.
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Figure 6-13. Theoretical model illustrating the differences between total magnetic field, reduced to the

pole (RTP), and magnetic potential (or pseudogravity) across a buried slab 2 km thick, 100 km in length, and
buried at a depth of 2 km. D, density in g/cm?; Dec, declination in degrees; Inc, inclination in degrees; S,
susceptibility in cgs units. A, east-west profile. B, north-south profile.
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Figure 6-14. Theoretical contour map model over a 2-km cube buried 2 km in depth illustrating the differences between (a) total mag-
netic field, (b) reduced to the pole, and (c) magnetic potential. Source body, outlined in black, has an inclination of 60°, declination of 16°
and a magnetization of 0.0005 cgs units. Total magnetic field also has an inclination of 60° and declination of 16° mpu, magnetic potential
units (dimensionally amperes).
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Figure 6-15. Gravity lineaments derived from and superimposed on basement gravity map. Explanation as in figure 6-1.
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Figure 6-16. Magnetic lineaments derived from magnetic potential anomalies and superimposed on total field aeromagnetic
map. Explanation as in figure 6-1.
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Figure 6-17. Gravity terranes derived from and superimposed on basement gravity map. Red lines, gravity highs; black lines,
gravity lows. Explanation as in figure 6-1.
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Figure 6-18. Magnetic terranes derived from and superimposed on total field magnetic map. Explanation as in figure 6-1.
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Table 6-1. Physical property measurements of selected rock types.

[DBD, dry bulk density; GD, grain density; SBD, saturated bulk density; Susc, volume magnetic susceptibility]

Rock type No. of samples GD g/cm3 SBD g/cm3 DBD g/cm3 Susc 10-3 cgs
Volcanic rocks

Andesite 22 2.61 2.57 2.55 0.61
Basalt 68 2.65 2.60 2.57 0.47
Dacite 14 2.48 2.48 247 0.72
Mafic dike 81 2.83 2.81 2.80 1.87
Rhyodacite 1 241 - - —

Rhyolite 24 241 2.35 2.29 0.21
Rhyolite porphyry 1 2.47 241 2.36 0.25
Trachydacite 7 2.59 2.56 2.55 0.63
Tuff 3 2.50 2.33 2.20 0.26
Undifferentiated volcanic 28 247 2.39 2.33 0.21
Volcanic breccia 4 2.39 2.35 2.32 0.08

Granitic rocks

Aplite 1 2.59 2.58 2.58 0.00
Diorite 3 2.84 2.82 2.81 4.23
Gabbro 2 2.55 2.53 2.50 1.06
Granodiorite 4 2.65 2.63 2.61 0.50
Granite 13 2.65 2.63 2.62 0.52
Quartz diorite 2 2.69 2.68 2.67 0.11
Quartz monzonite 5 2.46 --- --- ---

Granitic rocks 60 2.64 2.63 2.61 0.51

Sedimentary and other rocks

Chert 3 2.60 2.56 2.53 0.03
Conglomerate 2 242 2.34 2.27 0.08
Dolomite 10 2.73 --- --- -

Gneiss 2 2.37 --- --- -

Greywacke 1 2.58 2.57 2.56 0.00
Limestone 69 2.66 2.62 2.60 0.01
Mudstone 2 2.71 2.54 2.52 0.00
Quartzite 21 2.61 2.63 2.62 0.00
Shale 3 2.73 2.69 2.67 0.01
Slate 2 2.70 2.70 2.69 0.00
Sandstone 7 2.46 2.50 2.48 0.00
Siltstone 7 2.59 2.56 2.55 0.63
Ultramafic 1 3.00 297 2.96 0.01
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Table 6-2. Density-depth function for Cenozoic sedimentary and volcanic deposits.

Depth Density for Density for
range sedimentary deposits volcanic deposits
(m) kg/m?® kg/m?
0-200 2020 2220
200-600 2120 2270
600-1,200 2320 2320

>1,200 2420 2420
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Chapter 7

Assessment for Pluton-Related Mineral Deposits

and Occurences

By Ted G. Theodore, Mark J. Mihalasky, Stephen G. Peters, and Barry C. Moring

with a section on

PGE Potential of the Humboldt Mafic Complex

By Michael L. Zientek, Gary B. Sidder', and Robert A. Zierenberg?

Introduction

Pluton-related mineral deposits and occurrences in the
Humboldt River Basin (HRB) were among the first exploited
during the late 1860s by miners attracted primarily to Cu—stained
rocks and Au-bearing placers in and near mountain ranges close
to the then recently completed Central Pacific rail line. How-
ever, somewhat earlier, the 49ers on their way to the goldfields
of California probably panned most major stream drainages
near the Emigrant Trail, which closely follows the Humboldt
River through much of northern Nevada (Coope, 1991). Tracing
of placer Au upstream to its lode sources by streambed pan-
ning steered the prospectors to many early discoveries of metal
deposits. After the Civil War, railroads replaced inland waterways
as the primary mode of transportation in the States and Territories
comprising the western United States, and pressure mounted for
expanded knowledge about the mineral resources of the West
(National Research Council, 2001). Over the next 100 years, lode
mining of pluton-related deposits in the HRB was widespread but
generally inconsequential from a present-day national standpoint.
This mining concentrated mostly on small Au— and Ag—bearing
quartz veins and high-grade Cu occurrences, and it resulted in a
large number of boomtowns that sprang up almost overnight and
then disappeared almost as quickly as ores either were depleted or
metal markets crashed. Initiation of large-scale mining of Cu ores
at Ely (Robinson Mining District) (fig. 7-1), Nev., in 1908, and at
Yerington, Nev., in the early 1950s, however, added substantially
to national Cu production, as did large-scale mining of Cu—Au—
Ag ores from Battle Mountain, Nev., in the middle 1960s. How-
ever, Cu production from these three mining camps eventually

Littleton, CO.
2University of California, Davis, Davis, CA.

declined, and it currently (2002) has been curtailed for a variety
of reasons. Renewed mining of Cu began at Ely in 1995 (Maher,
1996) and continued through 1998; the renewed production

of Cu was anticipated at that time to amount to approximately
135 million Ibs Cu per year (Tingley, 1995). Thus, the pluton-
related deposits generally accounted for progressively decreasing
amounts of base (Cu+Pb+Zn) and precious (Au+Ag) metals over
time from a national standpoint. This production decrease from
pluton-related deposits in Nevada was more than counterbalanced
monetarily by production increases from pluton-related systems
elsewhere in the West, and by mining and exploration shifts in the
1960s to highly profitable Au ores in Carlin-type deposits that,

at that time, were thought to be clustered only in northeastern
Nevada and western Utah (see chapter § entitled “Assessment of
Sedimentary Rock-hosted Au—Ag Deposits”).

Early production of base and precious metals from pluton-
related deposits in Nevada is minor when viewed retrospectively
in light of the current national economy. However, the economic
significance of these deposits should be considered relative to
local economies and national priorities during the westward-
expansive Nation-building and Nation-consolidation eras of the
late 1800s and early 1900s for a reasoned perspective of its over-
all historic importance. Nonetheless, although well recognized for
more than 100 years, all pluton-related deposits and occurrences
in northern Nevada still (2002) have not been thoroughly evalu-
ated by modern exploration techniques. This mineral environment
in the HRB contains a large number of base- and precious-metal
targets, as well as a small number of Pt—group-element (PGE)
targets, that continue to attract considerable attention from
exploration companies. Post-mineralization rocks and uncon-
solidated gravel deposits cover many of these targets, rendering
them extremely difficult to evaluate fully regardless of modern
advances in exploration methodologies.
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A relatively large number of deposits and types of Meso-
zoic and Tertiary pluton-related deposits and occurrences are
present in the HRB. They contain Cu, Mo, Au, Ag, Pb, Zn, W,
and Fe and also are referred to as intrusion-related, magma-
related, granitoid-related, or granite-related (sensu lato) (fig.
7-1). In other parts of the world, sizeable granitoid bodies that
contain a large number of pluton-related deposits have had
at least some of their metal zonation attributed to sequential
precipitation of metals from a single parental fluid that evolved
from the associated granitoids (Audétat and others, 2000). As
applied in the present report, the pluton-related deposits and
occurrences include the following broad categories of mineral
deposits: (1) several kinds of porphyry Cu—(Mo) deposits;

(2) two types of porphyry Mo deposits—also referred to as
stockwork Mo deposits; (3) various types of skarn deposits; and
(4) two types of polymetallic deposits, many of which clus-

ter into a number of mining districts in northern Nevada (fig.
7-2). In addition, a number of Au deposits primarily hosted

by intrusive rocks and associated with elevated contents of Bi,
W, As, Mo, Te, and (or) Sb recently have been referred to as
intrusion-related Au systems (Lang and Baker, 2001). Further,
another type of deposit in the HRB, the distal-disseminated
Ag—Au deposits, is pluton-related, but this deposit type will

be discussed in chapter 8. A relatively small number of Fe, Ni,
Co, and Cu deposits and occurrences are associated with the
Humboldt gabbroic mafic complex in and near the western part
of the HRB. As will be discussed below, the Humboldt mafic
complex and its nearby surrounding areas have some poten-
tial for the presence of PGE. In the HRB, the most important
pluton-related deposits from an economic standpoint are best
concentrated along a northwest-trending alignment of mineral
districts termed the Battle Mountain-Eureka mineral belt (Rob-
erts, 1966; see also, Madrid and Roberts, 1991) that extends

roughly between those two respective mining districts (fig. 7-2).

The northwest orientation of the Battle Mountain-Eureka min-
eral belt is parallel to inferred paleotransforms through Idaho
and southern California that bound the Cordilleran miogeocline
on the northeast and southwest, respectively (Dickinson, 2001).
Thus, the underlying root of the Battle Mountain-Eureka min-
eral belt may be a subsidiary zone of weakness related to these
features (see also, chapter 6, wherein the northern segment of
the Battle Mountain-Eureka mineral belt is suggested to have at
one time been part of the northern Nevada rift system).

Two fundamental, continental-scale phenomena controlled
formation and regional distribution of long-lived geologic
processes that affect the pluton-related environment in the HRB:
(1) continental-margin Jurassic and Cretaceous magmatism (fig.
7-3) associated with dehydration of a subducted slab and its
metal-rich oceanic sediments, which generated metal-bearing
granitoids and fluids that rose high into the crust during a largely
compressional tectonic event (Sillitoe, 2000a; see also, Hilden-
brand and others, 2000, 2001); and (2) mostly middle Tertiary
(43— to 34—Ma) magmatism associated with probable flat-slab
subduction and onset of extensional breakup of the crust in the
Great Basin (Hofstra and Cline, 2000). Most of the HRB and the
immediately surrounding Basin and Range Province presently

is underlain by a low-density anomaly that (1) appears to reside
mostly in the upper mantle, and (2) may be due to emplacement
of low-density basalt into the upper mantle (Kaban and Mooney,
2001; see also, Hildenbrand and others, 2001). In company with
the first two phenomena listed above, a number of other rela-
tively large-scale metallotects influenced the distribution of plu-
ton-related mineral deposits and occurrences. These metallotects
will be described below. Moreover, recent advances in applica-
tion of tectonic models at the mining district scale to emplace-
ment of magmas associated with porphyry Cu systems have
shown that some of these metallotects are likely to be related to
transtensional strains associated with strike-slip duplexes that
create zones of extension into which porphyry Cu-related mag-
mas may be intruded (Drew and Berger, 2001).

Porphyry Cu—(Mo) systems are by far the most important
economically of the pluton-related deposits and occurrences
in the HRB. Further, these deposits and their numerous satel-
litic metal occurrences dominate three of the major mining
districts in northern Nevada (see also, Hildenbrand and others,
2001). These three mining districts have recorded significant
base and precious metal production from porphyry Cu—(Mo)
systems in the past and they include: (1) Yerington (Dilles and
Proffett, 1995; Dilles and others, 2000a,b); (2) Robinson near
Ely (Fournier, 1967; James, 1976; Maher, 1996); and (3) Battle
Mountain (Roberts and Arnold, 1965; Doebrich and Theodore,
1996; Theodore, 2000) (fig. 7-1). The latter mining district
is partially within the HRB, whereas the two former ones are
peripheral. Throughout this report, the term “Battle Mountain
Mining District” is used in a geographic manner somewhat
larger than that proposed by Tingley (1992). As applied herein,
we include the Buffalo Valley Mining District and the area near
Lone Tree as part of the Battle Mountain Mining District.

The Yerington and Robinson Mining Districts have been
important producers of base and precious metals at one time.
Ores at Yerington are associated with the Jurassic Yerington
batholith that, in aggregate, contained a total geologic resource
of 6 million t Cu in mineralized sulfide rock as well as >100
million t Fe in mineralized oxide rock (Dilles and Proffett,
1995). A geologic resource, however, is not necessarily equiv-
alent to an economic resource (Peters, 1978). The MacArthur
Cu deposit, an oxide Cu deposit, is part of the cluster of Cu
deposits at Yerington, and it is estimated to contain reserves of
approximately 97 million t at 0.21 weight percent Cu (Tingley,
1995). The Robinson Mining District is associated with a
10-km-long, east-west elongate, 109— to 111-Ma Cretaceous
porphyry Cu—(Mo) system; between 1908 and 1978 more than
3.5 million t Cu were produced from the district (Benedetto
and others, 1991; Shaver and Jeanne, 1996). The total value of
metal production between 1908 and 1978 was more than $1
billion (Benedetto and others, 1991). This production included
approximately 2.7 million oz Au as a byproduct of the Cu
ores from the Robinson Mining District. Fifteen satellitic Au
deposits surround the central Cu ores in the Robinson Mining
District (Shaver and Jeanne, 1996).

The porphyry Cu—(Mo) systems in the Battle Mountain
Mining District are more complex than those in either the
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Yerington or Robinson Mining Districts because they are
localized in at least ten widespread centers across the min-
ing district (fig. 7-4), and because they are of two ages, Late
Cretaceous (approximately 90 Ma) or middle Tertiary (41 to
35 Ma; late Eocene and (or) early Oligocene) (Theodore and
others, 1973; Doebrich and Theodore, 1996; Theodore, 2000).
Most extension and crustal thinning in north-central Nevada
must have taken place during the late Eocene and (or) early
Oligocene (Muntean and others, 2001). Further, the Battle
Mountain Mining District contains well-developed geologic
and geochemical zoning in these mineralized systems that
include a number of relatively deep porphyry Cu and stock-
work Mo systems, Au skarns, and a number of geologically
shallow distal-disseminated Ag—Au deposits (Theodore, 2000;
see also, Cox and Singer, 1990, 1992; Hofstra and Cline,
2000; chapter 8).

Some pluton-related deposits and occurrences in the HRB
currently (2002) are producing mostly Au and Ag, and many of
these, as well as their enclosing mineralized systems, are more
likely than others to continue in production during the next 15
years. Mineralized areas that are likely to continue their produc-
tion, or are likely to be brought into production during the next 15
years, are indicated in the various sections of this chapter below.

The area of the HRB (fig. 7-1) has been included in a
number of broad regional mineral assessments previously
completed by the USGS. The potential presence of many types
of undiscovered pluton-related mineral deposits throughout
the HRB, including those that might be concealed to depths
of 1 km in the valleys under Tertiary and Quaternary gravel
deposits, was evaluated in a statewide mineral assessment (fig.
7-5) for Nevada that included within its permissive domain
rocks within a 10-km radial buffer of all plutons shown on the
geologic map of Nevada by Stewart and Carlson (1978; see
also, Cox and others, 1996). Similarly, the western parts of the
HRB were assessed in a study of the Winnemucca-Surprise
BLM Resource Area (Peters and others, 1996).

Much of this chapter has been modified and updated
significantly from Peters and others (1996), but it includes
discussion of the implications of newly acquired, regionally
extensive geochemical data from sediments, including stream
sediments and soils (Folger, 2000; see also, chapter 5). Some
geochemical data—in particular, Cu, Pb, Zn, and As concen-
trations—systematically have been considered during prepa-
ration of the pluton-related mineral assessment map. This
chapter also includes a section describing the PGE implica-
tions of reconnaissance geochemical studies conducted in the
Humboldt mafic complex (see section below entitled “PGE
Potential of the Humboldt Mafic Complex”).

Specific Types of Pluton-Related
Deposits

The following specific types of mineral deposits are con-
sidered to belong under the pluton-related classification in this

chapter: (1) porphyry Cu—(Mo) deposits (models 17, 21a of Cox
and Singer, 1986); (2) porphyry Mo, low—F deposits (model
21b of Cox and Singer, 1986); (3) Climax Mo deposits (model
16 of Cox and Singer, 1986); (4) porphyry Cu—Au depos-

its (model 20c of Cox and Singer, 1986); (5) tungsten-skarn
deposits (model 14a of Cox and Singer, 1986); (6) tungsten vein
deposits (model 15a of Cox and Singer, 1986); (7) porphyry Cu,
skarn-related deposits (model 18a of Cox and Singer, 1986);

(8) Cu skarn deposits (model 18b of Cox and Singer, 1986); (9)
Zn—Pb skarn deposits and polymetallic replacement deposits
(models 18c and 19a of Cox and Singer, 1986); (10) Fe skarn
deposits, including widespread Fe endoskarn at the Humboldt
mafic complex (model 18d of Cox and Singer, 1986); and (11)
Au skarn deposits (model of Theodore and others, 1991; see
also, Meinert, 1998, 2000). Additional pluton-related deposits
in the HRB include polymetallic vein deposits (model 22¢ of
Cox and Singer, 1986), replacement manganese deposits (model
19b of Cox and Singer, 1986), and possibly the intrusion-related
Au systems of Lang and Baker (2001), but they are not directly
assessed in this report. The worldwide grade and tonnage distri-
butions for these pluton-related deposit models are included in
the references cited above. Although some authors (Henry and
Ressel, 2000; Ressel and others, 2000; Theodore, 2000) rigor-
ously regard the distal-disseminated Ag—Au and Carlin-type or
sedimentary rock-hosted Au—Ag deposits as being pluton- or
magma-related deposits, they have been assessed separately in
chapter 8 with other sedimentary rock-hosted deposits.

In addition, we also have carefully considered the possible
presence in the HRB of a newly recognized class of mineral
deposits—Au deposits related to reduced granitic intrusions
(Thompson and Newberry, 2000; Lang and Baker, 2001). This
particular class of deposits—best exemplified by the Fort Knox,
Alaska, deposit that includes a geologic resource of approxi-
mately 215 metric t Au—commonly is associated with an intru-
sive suite of igneous rocks that typically (1) lack porphyritic
textures common to most porphyry Cu—(Mo) systems; (2) lack
widespread high concentrations of genetically associated Cu,
Mo, Sn, and W; and (3) are associated with elevated concen-
trations of Bi, As, Sb, and Te. Further, the deposits are envi-
sioned to have formed in a petrochemical environment wherein
oxygen fugacities are significantly depleted relative to the much
more widespread porphyry Cu—(Mo) systems (Thompson and
Newberry, 2000). However, a worldwide map of metallogenic
belts of reduced intrusion-related Au deposits does not include
the HRB (Thompson and Newberry, 2000). Nonetheless, future
mineral evaluations of pluton-related deposits and mineral
occurrences in the HRB—in particular those occurrences that
contain sparse concentrations of associated base-metal sulfide
minerals—may result in reclassification of some of these occur-
rences to Au deposits related to reduced granitic intrusions,
such as some Au—skarn occurrences (see section below entitled
“Gold Skarn Deposits (Model of Theodore and others, 1991)”)
as well as some deposits in the Bald Mountain Mining District
(Nutt and others, 2000).

Uncertainty still (2002) remains in classification of many
known occurrences of presumably pluton-related occurrences
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and deposits in the HRB. These uncertainties primarily involve
a lack of critical geologic information in Mineral Resource
Data System (MRDS) records of the USGS. The MRDS loca-
tions of a large number of occurrences throughout northern
Nevada are shown in figure 7-6. As a comparison, in the state-
wide study of Nevada, enough information was available only
to classify approximately 1,500 of 5,500 MRDS records into
appropriate models (Cox, 1993), and, in the study of the Reno
1° x 2° quadrangle of western Nevada, approximately 300 of
400 occurrences were classified (John and others, 1993). In the
Winnemucca-Surprise mineral-resource assessment, approxi-
mately 1,032 of 1,168 mineral occurrences were classified
provisionally (Peters and others, 1996). The overall geologic
environments of the pluton-related deposits in the HRB are
quite similar, in most cases, to the respective environments
documented in the worldwide models described by Cox and
Singer (1986). Some exceptions, however, are noted through-
out the descriptions for the HRB that follow. Each model is
outlined briefly in the sections below, and a description and
discussion of representative deposits that closely fit the param-
eters of that model in the HRB then follow it. Many deposits
cluster in mining districts or groups of districts (fig. 7-6), and
this clustering usually is evident on the data-driven favorability
map as prospective or favorable tracts to be described below
(see also, fig. 7-2). Finally, although we have archived and
tabulated information concerning mineralized occurrences and
deposits from throughout northern Nevada for a data-driven
evaluation (see chapter 2), our descriptions of mineralized
areas will focus on those that are present in or near the HRB.
In the sections of this chapter that follow, we describe
geologically those deposits present in the HRB that are most
closely allied genetically to igneous rocks of various ages and
their associated hydrothermal fluids. These hydrothermal fluids
generally followed complex structural pathways and were
influenced by diverse histories of water-rock interactions after
they initially evolved from magmas during emplacement and
crystallization of the parent igneous rocks. Porphyry deposits
(fig. 7-7), their related skarn and vein deposits, and broad halos
of altered rock are all closely allied to magma. As depicted, the
breadth of alteration associated with these systems emphasizes
how widespread the overall effects associated with them can be.
The Battle Mountain Mining District includes 28 of the 92
mineralized occurrences used as training sites for the pluton-
related assessment and, because of this, many deposits from this
district are described in somewhat more detail than others. Cop-
per, Zn, Pb, and Au skarns, as well as polymetallic veins and
replacement Mn deposits, also are present in the Battle Moun-
tain area and elsewhere in the HRB as well. Although 92 pluton-
related training sites (table 7-1) are used in the data-driven
assessment method, only seven of these pluton-related training
sites are present in the HRB outside the Battle Mountain Mining
District (fig. 7-8). Nonetheless, many types of pluton-related
mineral occurrences are widespread in the HRB (fig. 7-1). For
example, approximately 150 pluton-related mineralized sites,
mostly polymetallic veins (see section below entitled “Other
Pluton-related Deposits™), are present in the Shoshone Range in

the central part of the HRB (fig. 7-1). None of these 150 sites is
included in the pluton-related training set. Approximately 15 of
the 150 polymetallic veins in the Shoshone Range, however, are
included in the MRDS database. Finally, a large number of the
remaining pluton-related training sites in northern Nevada are
clustered near (1) the Jurassic porphyry Cu system near Yering-
ton, and (2) the Cretaceous porphyry Cu system near Ely (fig.
7-1). Distal-disseminated Ag—Au deposits that are concentrated
near the northern margin of the Battle Mountain Mining District
represent the upper parts—that is, they are close to the paleo-
surface at the time of their formation—of the overall porphyry-
related family of deposit models (fig. 7—4; Theodore, 2000).
However, as discussed previously, the largely sedimentary-rock
hosted distal-disseminated Ag—Au deposits in this district are
best addressed later in the report with other carbonate- or sedi-
ment-hosted Au deposits (see chapter 8).

Additional Pluton- and Metamorphism-
Related Deposits

Several other types of economically prominent and
geologically significant pluton-related deposits and occur-
rences also are present in the HRB—they are described in
detail in subsections below. Many W skarn deposits (fig. 7-9),
for example, are present in a confined metallogenic area in the
western and northern parts of the HRB that is an apparently
deep geologic paleoenvironment (>3 km) relative to many of
the exposed porphyry Cu and (or) low-F, stockwork Mo depos-
its in the central parts of the HRB. Although a number of the
past-producing W deposits and occurrences are present in the
HRB (Kerr, 1934, 1940, 1946; Stager and Tingley, 1988; John
and Bliss, 1994), some of them might again warrant added
exploration activity if a national emergency or requirement
were to arise because of the critical need of W to our economy
and the absence of current (2002) domestic production.

Although most pluton-related deposits and occurrences
in the HRB are associated with Cretaceous and Tertiary felsic
plutons, some Fe deposits instead are associated with Juras-
sic gabbroic plutons or Jurassic felsic volcanic complexes.

For example, a cluster of previously productive Fe deposits at
the Buena Vista Mines is associated with the Middle Jurassic
(approximately 170-Ma) Humboldt mafic igneous complex that
extends from the West Humboldt Range near Lovelock, Nev.,
across several mountain ranges to the southeast (fig. 7-1; Speed,
1962; Johnson and Barton, 2000). Total geologic resource
estimates, including past production, probably aggregate >500
million t at an average grade of approximately 33 weight per-
cent Fe (Johnson and Barton, 2000). Additional minor mineral
occurrences—mostly Cu, Ni, Co, and PGE—associated with
the Humboldt mafic complex are addressed in the section

below entitled “PGE Potential of the Humboldt Mafic Com-
plex.” Nonetheless, those small numbers of Fe deposits of this
type elsewhere in the HRB, because of their association with
plutonic units on the State of Nevada geologic map (Stewart and
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Carlson, 1978; Stewart, 1980), are necessarily included in the
mineral-resource assessment of pluton-related deposits.

Several types of regional metamorphism-related and
magma-related deposits also are present in the HRB and merit
some mention. A large number of mineral occurrences through-
out the western part of the HRB have been reclassified as
low-sulfide Au—quartz veins (Peters and others, 1996; Cheong,
1999; Cheong and others, 2000) that apparently are related
to Late Cretaceous metamorphism and docking of the Jungo
terrane of Silberling and others (1984, 1987) along the western
margin of North America. The low-sulfide Au—quartz veins
individually yielded small production in the past, mostly 1,000
oz Au or less, yet regionally they delineate a dismembered
north-trending mineral belt of deposits that are concentrated
west of the Sonoma Range in the western part of the HRB (fig.
7-10). Some of the largest cumulative production has been from
the Sierra (13,899 oz Au), Rochester (778,018 oz Au), Awaken-
ing (26,000 oz Au), and the Winnemucca-Antelope (13,553 oz
Au) mining Districts (Cheong and others, 2000). The Rochester
Mining District is in the footwall of the regionally extensive
Luning-Fencemaker thrust fault system. The Fencemaker thrust
makes up the sole structure of the Jungo terrane (Oldow, 1984),
whereas Triassic shelf rocks and the Triassic Koipato Group
comprise the footwall of the Fencemaker thrust (see chapter 4).
Some mineral occurrences within these districts also may be
related, in part, to plutons. These low-sulfide Au—quartz veins
are distinct and separate from the polymetallic vein deposits to
be described below (Peters and others, 1996).

Some other types of mineral deposits are present in the
HRB, and they may be either directly or indirectly associated
with plutons. Massive sulfide deposits, potential exhalative
sedimentary Pb—Zn deposits, volcanic-hosted magnetite-hema-
tite Fe deposits, and volcanogenic Mn deposits are associated
with specific lithologies—mostly Paleozoic siliceous ocean-
basin varieties of rock—of the various allochthons in the
eastern and central part of the HRB (fig. 4-1).

Two types of Au deposits have been excluded from this
evaluation. We specifically exclude from our discussion those
Au deposits—either shallow level or deep seated—that are
related to alkaline magmatism (Jensen and Barton, 2000), pri-
marily because these types of deposits apparently are not pres-
ent in the general region of the HRB. In addition, Au—placer
deposits are excluded as well. The Au—placer deposits mostly
appear to be associated spatially with low-sulfide Au—quartz
veins, and porphyry Cu environments to a lesser degree. The
Au-placer deposits are concentrated along the margins of
many late Tertiary and Quaternary basins that make up many
valleys of the HRB (Peters and others, 1996).

General Description of Porphyry Deposits

Porphyry systems represent generally large volumes of
rock characterized by chalcopyrite, bornite, molybdenite, or
Au—as well as a number of other prograde and secondary sul-

fide minerals—in intensely fractured rocks filled by stockwork
veins or disseminated grains in hydrothermally altered porphy-
ritic intrusions and (or) in their hydrothermally altered adjacent
wall rock. In fact, the Bingham, Utah, porphyry Cu system
contains the seventh largest concentration of Au in the world—
it has approximately 50 million oz Au as a combined total of its
past production, economic reserve, and inferred resource (Sil-
litoe, 2000b). Much of the mineralized rock in these types of
systems owes its origin to magmatic fluids that were expelled
during crystallization of the genetically associated magma,
typically present locally in composite intrusive centers. Super-
gene-altered equivalents of these deposits also may be impor-
tant because supergene enrichment processes can enhance the
Cu grades in a substrate beneath oxidizing parts of the deposits.
Porphyry mineralized systems tend to form preferentially in
some shallow-level granitoid intrusions (Titley, 1993). Fur-
ther, porphyry deposits, skarn deposits, some polymetallic

vein deposits, and distal-disseminated Ag—Au deposits form

a continuum, with the porphyry Cu deposits typically at the
center (see also, Carten and others, 1993; Titley, 1993; Sillitoe,
2000b). The main types of porphyry deposits considered in the
HRB are: (1) porphyry Cu and porphyry Cu—(Mo) deposits; (2)
porphyry Mo, low-F deposits; (3) Climax Mo deposits; and (4)
porphyry Cu—(Au) deposits. These types of deposit commonly
are mined by open-pit methods because of the large volume of
mineralized rocks that they involve.

A small number of porphyry Cu and porphyry Cu—(Au)
deposits in the HRB have been significant sites of base-metal
mineral production in the past, and a number of additional
sites contain significant volumes of rock that were mineralized
by porphyry-style processes. Moreover, numerous sites have
recorded significant base- and precious-metal production from
widespread porphyry systems in the Battle Mountain Mining
District (Roberts and Arnold, 1965; Blake, 1992; Doebrich
and Theodore, 1996). However, the polymetallic veins that
surround the centers of porphyry-style mineralized rock in the
mining district have generally small production (Roberts and
Arnold, 1965). Moreover, the southeast part of that mining
district contains seven exposed porphyry systems (Theodore
and others, 1992; Theodore, 2000), from which significant
metal production has occurred from two (fig. 7—4). The most
productive areas at Battle Mountain in terms of Cu, Au, and
Ag include the porphyry Cu system at Copper Canyon and the
Cu—(Mo) system at Buckingham and Copper Basin. Gold and
minor Ag currently (2002) are being produced in the northern
part of the district from the Marigold and Lone Tree com-
plexes that are discussed in chapter 8.

The presence of several additional occurrences of por-
phyry Cu and porphyry Cu—(Mo) in the general area of the
HRB (Schilling, 1980; Wendt and Albino, 1992) intuitively
suggests that some level of potential exists for these types of
deposit throughout much of the HRB (see below). As exam-
ples, a porphyry Cu prospect is present in the Kennedy Mining
District (fig. 7-2), south of the HRB in the southern part of the
East Range and some other mineral occurrences as well in the
Truckee and Copper Valley areas have suggestions of por-
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phyry affinities (Wendt and Albino, 1992). Further, the Mike
Au—Cu—Zn deposit, approximately 16 km west-northwest of
Elko, Nev., along the Carlin trend of Au deposits in the central
part of the HRB (chapter 8), appears to have many base-metal
characteristics of a large porphyry Cu system, including large
concentrations of Zn on its periphery (see also, Kotlyar and
others, 1998b). The Mike Au—Cu—Zn deposit also contains
overlapping Au— and Cu—enriched zones largely coincident
with rock flooded by secondary K—feldspar and quartz, thereby
further suggesting a genetic association with a concealed felsic
intrusion (Branham and Arkell, 1995). The Mike deposit hosts
a 1998 drill-indicated mineral inventory of approximately
370,000 metric tones Zn, all as sphalerite (Norby and Orobono,
2000). One large Cretaceous stockwork Mo deposit of the
low—F type (Buckingham, approximately 1.4 billion tonnes
at 0.05 weight percent Mo), and two other major occurrences
belonging to the same model, are present in the Battle Moun-
tain Mining District (fig. 7—4), but they have had no produc-
tion of Mo from their molybdenite—enriched cores (Theodore
and others, 1992). This deposit type is described in somewhat
more detail below in the section entitled “Porphyry Mo, Low—F
Deposits (Model 21b of Cox and Singer, 1986).” However,
some of the secondary-enriched Cu shell of the Buckingham
system, specifically that present in the Copper Basin area
(Blake, 1992), recorded significant production of Cu dur-
ing 1966-1981 (Doebrich and Theodore, 1996). As noted by
Doebrich and Theodore (1996), this metal production included
approximately 44,000 metric tonnes Cu. Somewhat less pro-
duction—approximately 13,055 metric tonnes Cu—has been
recorded during 1917-1951 from the Copper Queen second-
arily-enriched Cu deposit on the north flank of the Buckingham
stockwork Mo system (Doebrich and Theodore, 1996). Several
other stockwork Mo systems are known to be present in the
Sonoma Range in the central part of the HRB (fig. 7-8) and are
included as part of the pluton-related data set (table 7-1).
Elsewhere in Nevada, stockwork Mo occurrences of the
low—F type, which are related to Mesozoic compressional
tectonism along the paleocontinental margin, are associated
with (1) W skarns that are widespread in northern Nevada
(John and Bliss, 1994), and (2) disseminated scheelite—a
W-bearing mineral—in the Mo-rich central parts of quartz
stockworks (Theodore and others, 1992). Thus, exposed
occurrences of W skarn may be linked genetically at depth to
stockwork Mo deposits of the low-F type in the HRB. Cli-
max-type Mo deposits, however, differ from the low—F type in
that they have a genetic association with high-silica rhyolite
and with regionally widespread zones of extension in areas of
thick continental crust (Carten and others, 1993).

Porphyry Cu—(Mo) Deposits (Models 17, 21a of
Cox and Singer, 1986)

Porphyry Cu—(Mo) deposits (Cox, 1986c, 1986d, 1986¢;
McMillan and Panteleyev, 1986; Titley, 1993) contain Cu—Fe
sulfide minerals and molybdenite in quartz stockworks, in and
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adjacent to porphyritic intrusions emplaced to shallow levels in
the crust. These typically are large deposits—the median ton-
nage of the worldwide general porphyry Cu model is 140 mil-
lion tonnes (Singer and others, 1986a). These types of deposits
generally are mined by open-pit methods because of their enor-
mous tonnages of ore. Associated rocks are small stocks or dike
sets of quartz-feldspar porphyritic quartz monzonite to grano-
diorite that have intruded cogenetic intermediate-composition
volcanic rocks or preintrusive wall rocks. In the HRB, Ceno-
zoic examples are most important (Titley and Beane, 1981).
Associated types of deposit are Cu skarn, Au skarn,
polymetallic replacement, distal-disseminated Ag—Au,
polymetallic vein, high-sulfidation state epithermal vein, and
Au placer deposits. Some Fe (magnetite) skarn also is asso-
ciated with a number of productive porphyry Cu deposits,
exemplified as well by the Cretaceous porphyry Cu system at
Ely, Nev. (Einaudi, 1982), and distal replacement of carbon-
ate rocks by magnetite and less abundant chalcopyrite-pyrite
assemblages yields as much as 200 million tonnes at a grade
of 40 weight percent Fe at the Pumpkin Hollow (Lyon) Mine
at Yerington (Dilles and Proffett, 1995).
Ore minerals typically include chalcopyrite, bornite, and
(or) molybdenite in central zones of representative porphyry
Cu systems, and these zones are surrounded peripherally by
chalcopyrite-pyrite and local magnetite (Beane and Titley,
1981; Titley, 1993). Peripheral zones also are the sites of
elevated concentrations of galena, sphalerite, and sulfosalt
minerals. Supergene processes can produce enhanced concen-
trations of chalcocite, digenite, chrysocolla, malachite, azurite,
and Cu-oxide minerals in rocks beneath a leached capping.
Alteration typically consists of a central, early K—feldspar-
secondary biotitexanhydrite zone, mantled in the deep parts
of the system by a peripheral propylitic zone dominated by
chlorite+epidotexcalcite mineral assemblages. In many known
deposits, a well-developed phyllic (quartz-sericite-pyrite) over-
print is present, generally concentrated at the original potas-
sic-propylitic boundary, although the Yerington, Nev., deposit
south of the HRB (fig. 7-1) has deep Ca—Na alteration (Dilles
and others, 1995; Dilles and others, 2000a). In many deposits,
however, phyllic alteration also may be concentrated irregu-
larly in the central, upper parts of the system, generally close
to some of the igneous rocks associated genetically with the
system (fig. 7-11). Upper parts of many porphyry Cu systems
are characterized by advanced argillic mineral assemblages that
may be difficult to discriminate from supergene acid-sulfate
altered rocks (Lipske and Dilles, 2000). Hydrothermally altered
rocks in many of these systems can be extremely widespread—
they affect as much as several tens of square kilometers in the
Battle Mountain Mining District. The distribution or type of
alteration was not used in the regional-scale HRB assessment.
Many of these porphyry systems are extremely complex
geologically and they have been tilted, disrupted, and (or)
extended significantly by post-mineral faults. Some systems
also have been affected by synmineral faults or fault systems
that were at times important concentrators of large volumes of
mineralized rock (see this section below; see also, Tosdal and
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Richards, 2001). Nonetheless, the original overall configura-
tion of ore shells and alteration assemblages in many porphyry
Cu—(Mo) systems (fig. 7-11) can be reconstructed if relevant
data are available (see for example, Maher, 1996). Fractures
are strongly developed episodically in many porphyry systems
as the systems evolve (Tosdal and Richards, 2001), and they
preferentially are filled by quartz-sulfide mineral stockwork
veins, showing multiple veinlet sets, commonly with preferred
orientations (Titley, 1993).

The fundamental ore controls essentially involve proxim-
ity to a mineralizing intrusion, which may have been emplaced
at the intersections of regionally extensive faults and fractures
or along prominent zones of dilation (Doebrich and Theodore,
1996; Drew and Berger, 2001; Hildenbrand and others, 2001).
As we discuss below, we use a 19-km radius from all felsic
igneous bodies shown on the geologic map of Nevada (Stewart
and Carlson, 1978) as one of seven fundamental layers for our
evaluation (see below). This radius was chosen on the basis
of statistical conventions and does not reflect adequately the
known extent of geologic processes in the porphyry Cu (Mo)
environment. For example, in the Copper Canyon area of the
Battle Mountain Mining District—one of the most intensely
mineralized porphyry systems in the HRB—the surrounding
alteration halo encompasses approximately 13 km2 as opposed
to an area of 1,100 km?2 that is encompassed by a 19—-km radius
around a point source. However, polymetallic veins at Copper
Canyon extend at the surface well beyond the outer limits of
the alteration halo (Kotlyar and others, 1998). Further, at Battle
Mountain, emplacement of at least four, and probably as many
as seven, porphyry systems of various categories occurred in
conjunction with the earliest onset of extension documented in
the Tertiary (Theodore, 2000). Local ore controls are a func-
tion both of wall rock composition and structure, as well as
morphology of the associated intrusions, some of which are
notably laccolithic in configuration (Theodore and Blake,
1975; Doebrich and others, 1995; Kotlyar and others, 1998b).
A spatial and genetic continuum is present between porphyry
Cu deposits and porphyry Cu-related skarns in some systems
(Cox, 1986f); this is particularly evident in the Battle Mountain
Mining District (Theodore and Blake, 1975, 1978).

Weathering of these systems typically results in a well-
developed Fe—oxide-stained “leached” capping that shows the
presence of phyllic zones of alteration (Cox, 1986d, 1986¢;
Titley, 1993). The geochemical signature in the weathered,
oxidized zone of these systems includes anomalous Cu, Mo,
Ag, as well as variable Au and peripheral Zn, PbxAg+Au. It
is noteworthy that anomalous concentrations of Cu, Pb, and
Zn are widespread in stream sediments and soils throughout
much of the HRB (fig. 7-12). Arsenic is contained in arseno-
pyrite around many porphyry Cu systems in northern Nevada.
Aresnic in rock and stream sediments from these areas also
provides a regional indicator element to the extent and orienta-
tion of the mineralized regional trends along which many
porphyry Cu systems are concentrated (fig. 7—13; see also,
Kotlyar and others, 1998a). Much of the As in stream sedi-
ments apparently is adsorbed as As(V) onto various Al-bear-

ing phases, including gibbsite, amorphous Al oxyhydroxide,
or aluminosilicate minerals (Andrea L. Foster, written com-
mun., 2001). The Yerington porphyry Cu deposit (fig. 7-14),
however, has essentially only Cu as an oxidation signature
as well as a surrounding zone of advanced argillic alteration
assemblages (Lipske and Dulles, 2000).

Four occurrences are present in or near the HRB that
we classify as either generic porphyry Cu occurrences (Cox,
1986d, model 17) or as porphyry Cu—Mo occurrences (Cox,
1986e, model 21a). These porphyry Cu occurrences are in
the Fireball Ridge area of the Truckee Mining District, in
the Granite Mountain area of the Kennedy Mining District
(Wallace, 1977, 1978; Thurber, 1982), and at Elder Creek
(Theodore, 1996b; Gostyayeva and others, 1996). The latter
occurrence is at the range front along the northeast flank of
the Battle Mountain Mining District (fig. 7-4). We have no
data on either the size or the grade of these three occurrences,
although some of them have been drilled extensively for their
porphyry Cu-style mineralized rock during the last 30 years.
The likelihood that they will be brought into production during
the next 15 years is low. The last of the four occurrences is
the Contact, Nev., prospect of Golden Phoenix Minerals, Inc.,
Reno, Nev., located in northeastern Nevada

Drilling completed during 1998-1999 by Golden Phoenix
Minerals, Inc., in the Contact Mining District (fig. 7-1),
as well as drilling completed earlier by previous explora-
tion efforts, suggests that a measured and indicated resource
of approximately 953 million 1bs Cu—named the Banner
deposit—is contained in a Jurassic (155—to 157-Ma) por-
phyry Cu system associated with an albitic-altered composite
granodiorite complex (S.D. Craig, oral commun., 2000).
This Cu resource is contained in approximately 61.5 mil-
lion t of mineralized rock that grades approximately 0.77
weight percent Cu (Golden Phoenix Minerals Inc., Press
Release, June 20, 2000). The newly defined Cu resource is
in the general area of the Marshall, Palo Alto, Brooklyn, and
Bellevue (Nevada Bellevue) Mines, near the old town site of
Contact and along an approximately 1.6—km strike length of
the granodiorite’s contact with Paleozoic sedimentary rocks
(LaPointe and others, 1991). Apparently, mineralizing fluids
were released from the intrusive complex in conjunction with
district-scale, left-lateral wrench faulting during the Jurassic
(S.D. Craig, oral commun., 2000). In addition, K—rich mineral
assemblages replace early-stage albitic assemblages as the
porphyry system evolved. The Banner deposit apparently has
considerable potential for (1) expansion of near-surface Cu
resources suitable for open-pit operations, and (2) expansion
of relatively high—Cu—grade mineralized rock suitable for
underground operations.

Porphyry Mo, Low-F Deposits (Model 21b of Cox
and Singer, 1986)

Porphyry Mo, low—F deposits—also termed quartz mon-
zonite or calc-alkaline Mo stockwork deposits by others—are
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spatially and genetically associated with quartz monzonite and
monzogranite stocks that are comprised of multiple intrusive
phases. In this part of Nevada, these deposits are generally Late
Cretaceous in age, and they were emplaced during compres-
sional tectonic regimes. Porphyry Mo, low—F deposits can

be extremely large systems—for example, the Buckingham
deposit at Battle Mountain (see below). This type of deposit is
characterized by molybdenite-quartz stockwork veinlets that
typically cut calc-alkaline porphyritic intrusive rocks and sig-
nificant volumes of the adjacent country rock. As much as 50
volume percent of intensely mineralized rock may be present
in the wall rocks of the multiphase intrusive systems associated
with the deposits (fig. 7-15; see also, Theodore and others,
1992). In addition, the Buckingham system, as well as some
satellitic Tertiary porphyry systems superposed on its flanks,
has a combined area of altered rock that is approximately

25 km?2 (fig. 7-15). Copper typically is relatively abundant
compared to Climax-type Mo deposits, and, in some deposits
related to the porphyry Mo, low—F deposits, such as those at
Copper Basin in the Battle Mountain Mining District (fig.
7-16; see above), Cu was mined from highly oxidized super-
gene-enriched orebodies marginal to the Mo—enriched core of
the large system (Blake, 1992). However, at Buckingham, pre-
cious metals are concentrated preferentially near the east (top)
end of the system, and only through superposition of a Au—-Ag
enriched outer shell from the nearby Tertiary Paiute Gulch
porphyry system do Au—Ag grades locally reach ore-grade con-
centrations (fig. 7-15; see also, Ivosevic and Theodore, 1996).
Gold-skarn deposits resulting from these superposed events are
thought to be those at the Surprise Mine. Tin is usually absent
or is present in extremely low concentrations in the porphyry
Mo, low—F deposits. However, Sn may be concentrated to as
much as 100-200 ppm along some of the young Tertiary veins
that cut porphyry Mo, low—F deposits (Theodore and others,
1992). Some of these veins continued to be explored by drilling
for their precious metal content well into 2000.

Alteration in the porphyry Mo, low—F deposits includes
secondary K—feldspar with areally restricted phyllic enve-
lopes, and intermediate-argillic assemblages may be pervasive.
Topaz and fluorite are relatively common in some deposits (for
example, Hall, Nev., and Big Hunch, Calif.) that comprise the
grade-tonnage model, and extremely rare to absent in others
(Buckingham). As mentioned above, alteration was not used
in this assessment. Stockwork veinlets typically are concen-
trated in umbrella-shaped volumes of rock that are draped
over the genetically associated pulses of magma (Loucks and
Johnson, 1992). Compared to Climax-type deposits, however,
these deposits, as a whole, are deficient in F, have significantly
lower Mo grades, and are associated genetically with meta-
luminous intrusive rocks that have lower silica content than
the Climax-type Mo deposits (Theodore and Menzie, 1984;
Theodore, 1986). The deposits form during the late stages of
intrusion with paleodepths of mineralization at 1 to 2 km for
stocks and 3 to 5 km for plutons.

The largest and best explored of porphyry Mo, low—F
occurrences is Buckingham (Theodore and others, 1992; Carten
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and others, 1993; Theodore, 2000), which contains more than

1 billion tonnes of rock mineralized at grades of approximately
of 0.05 weight percent Mo, as well as substantial amounts

of Cu, Ag, and W. However, median tonnage of this type of
deposit is much smaller—approximately 100 million tonnes
(Menzie and Theodore, 1986; see also, Theodore, 2000). The
Buckingham deposit is within the boundaries of the HRB, and
the two others in the Battle Mountain Mining District—Trenton
Canyon and Buffalo Valley Mo—also are within the HRB as
well (Theodore and others, 1992; Doebrich and others, 1995;
Doebrich and Theodore, 1996). All of the porphyry Mo, low—F
occurrences in the Battle Mountain Mining District are Late
Cretaceous in age (McKee, 1992). The Buckingham deposit is
the only one for which reserve data are available from near and
(or) in the HRB (Theodore and others, 1992). The Bucking-
ham stockwork molybdenum deposit also contains as much as
100 million oz Ag (see also, Carten and others, 1993). Unlike
the Tertiary deposits in the Copper Canyon part of the Battle
Mountain Mining District, the Buckingham deposit is Late
Cretaceous in age and is related to a composite quartz monzo-
nite porphyry stock emplaced at approximately 86 Ma (McKee,
1992). In addition, as described above, the supergene-enriched
Cu orebodies at Copper Basin are part of a Cu shell that sur-
rounds the Buckingham system (Blake, 1992). The central

Mo orebodies have been extended structurally by a number

of Tertiary low-angle faults. The orebodies are composed of
stockworks of quartz-molybdenite-pyrite veinlets, with lesser
amounts of Cu, Ag, and W accompanying Mo. The orebod-

ies are especially well developed where ore shells have been
superposed onto each other as a result of emplacement of loci
of magmatic pulses into two separate intrusive centers (Loucks
and Johnson, 1992). Superposition of these quartz stockwork
shells onto each other resulted in generation of a 300- to
400-million-t deposit grading close to 0.1 weight percent Mo
between the East and West stocks of the Buckingham Mo
system. This is the deposit that would most likely be brought
initially into production if the decision were made to exploit the
system for its Mo content.

A number of additional sites are classified as porphyry
Mo, low-F occurrences (Theodore, 1986) in and near the
HRB. One is in the Leonard Creek Mining District, west of
Quinn River Crossing, that is associated with Cretaceous or
Tertiary porphyritic granodiorite. Wendt and Albino (1992)
have identified a porphyry Mo, low—F occurrence in a Creta-
ceous granodiorite at Granite Point southwest of Lovelock,
Nev., near Interstate 80. Two other occurrences, also classified
as porphyry Mo, low—F occurrences, are near the south end of
the Gold Run Mining District (fig. 7-9), where the genetically
associated intrusions are apparently Cretaceous in age.

The most important indication in outcrop for the likeli-
hood of porphyry Mo, low—F deposits is the presence of
intensely silicified zones, including both vein and replacement
quartz, that are present near the roofs of the intrusive cupolas.
These features are associated with many porphyry Mo, low—F
occurrences in the HRB and elsewhere, and they are diag-
nostic of these systems as described by Theodore (1986) and
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Theodore and Menzie (1984). Although digital spatial data-
bases were not available to treat these features in the current
assessment, most exposed outcrops of silicified rock in the
HRB probably have been evaluated already as potential targets
for occurrence of a porphyry Mo, low—F system during the
height of exploration for these types of mineralized system in
the late 1970s and early 1980s.

Among the various sites enumerated above, the Buck-
ingham system has the strongest possibility for production of
large amounts of Mo during the next 15 years. However, the
likelihood even for this system to be brought into production
for its Mo content is doubtful because of the generally low
Mo grades it contains relative to high-grade Climax-type Mo
systems present in Colorado.

Climax Molybdenum Deposits (Model 16 of Cox
and Singer, 1986)

Climax molybdenum deposits are characterized by
stockworks of molybdenite and quartz associated with fluorite
in high-silica rhyolite and granite porphyry typically contain-
ing more than 75 weight percent SiO2 (White and others,
1981; Ludington, 1986; Carten and others, 1993). Numerous
intrusive phases associated with these systems have (1) zoned,
shell-like, alteration patterns, and (2) ore zones that are draped
over the apex of the systems and down the steep sides of the
complexes (Mutschler and others, 1981; Carten and others,
1988; Carten and others, 1993). Ore shells in these systems
typically are related to successively deep pulses of magma—
the last mineralizing magma usually is the one deepest in the
system. These deposits form at paleodepths of 1 to 3 km and
may be indicated at the surface by the presence of topaz-bear-
ing rhyolite (Christiansen and others, 1986). Igneous com-
plexes associated with these deposits contain dikes, breccias,
and multistage, subvolcanic porphyritic intrusive rocks, as
well as zoned alteration patterns. Molybdenite-quartz stock-
work veins commonly are related to aplitic quartz porphyry,
and they usually are present in the middle stage of several
rhyolite porphyry phases. Low-grade mineralized rocks may
be present in deep, and slightly younger, coarser-grained
igneous phases (Lowe and others, 1985). Lead, Zn, Ag, Sn,
Cu, F, and Mo are anomalous in alteration zones around these
plutons (Westra and Keith, 1981).

Majuba Hill in the Antelope Mining District, near the
western boundary of the HRB (figs. 7-2, 7-9), has been
classified provisionally as a Climax Mo occurrence (Luding-
ton, 1986) (table 7—1). This occurrence is one of 92 training
sites used for the pluton-related evaluation (see below). The
relatively large amount of Cu at this locality, however, does
not compare well with the abundance of Cu usually ascribed
to this type of deposit. The Majuba Hill occurrence (MacK-
enzie and Bookstrom, 1976) is associated with 24— to 25-Ma
rhyolitic rock emplaced during multiple pulses into Triassic
basinal rocks of the allocthonous Jungo terrane. In addition,
the Majuba Hill occurrence is not one of the nine depos-

its used to construct the grade and tonnage models for the
Climax Mo deposits (Singer and others, 1986b). On the basis
of available surface and subsurface information (MacKenzie
and Bookstrom, 1976), Majuba Hill appears to lack some key
aspects of an ideal Climax deposit, such as amount of F, quartz
veining, and Mo enrichment. Regardless of its classification,

it is doubtful, because of relatively low Mo grades compared
to the Climax-type Mo deposits in Colorado, that Majuba Hill
will be brought into production primarily for its Mo content
anytime during the next 15 years.

Porphyry Cu—Au Deposits (Model 20c of Cox and
Singer, 1986)

Porphyry Cu—Au deposits (Cox, 1986f), also termed
porphyry Au deposits by some (Vila and Sillitoe, 1991;
Muntean and Einaudi, 2000) and high-sulfidation epithermal
deposits by others (Sillitoe, 2000b), consist of disseminated
and stockwork Cu—Fe sulfide minerals and magnetite with
Au in sub-volcanic intrusions and (or) their coeval volcanic
rocks emplaced into weakly extended calc-alkaline arcs or
bimodal island arcs (see also, Sillitoe, 1988; Rytuba and Cox,
1991). Three of these types of deposits (Yanacocha, Peru;
Pascua-Lama, Chile-Argentina; and Pueblo Viego, Dominican
Republic) are among the 28 largest Au deposits in the world
(Sillitoe, 2000b). They respectively contain 48.9, 20.7, and
34.5 million oz Au. The porphyry Au deposits of the Refugio
Mining District, Chile, contain approximately 180 million t
of mineralized rock in two orebodies that average 1.02 and
0.85 g Au/t (Muntean and Einaudi, 2000). Rock types associ-
ated with many of these types of deposits include early gabbro
or quartz diorite, synmineral diorite porphyry, and generally
andesitic country rocks, as well as local marine carbonate
rocks and other sedimentary rocks. Associated deposit types
are Cu skarn, Au skarn, massive pyrite-enargite replacement
deposits, and polymetallic replacements and veins. Ore min-
eralogy consists of chalcopyrite, bornite, magnetite, Au, and
Pt—group-element telluride minerals and arsenide minerals.
Disseminated Cu-Fe sulfide minerals are usually early phases
and are followed by dense stockwork veins of quartz and addi-
tional sulfide minerals. Alteration is typically early K—feld-
spar—Fe—Mg silicate minerals such as biotite, amphibole, or
pyroxene, as well as anhydrite. Banded quartz veins are one
of the diagnostic mineralized fabrics associated with these
deposits (Muntean and Einaudi, 2000). Subsequent stages of
intermediate argillic alteration are common, and advanced
argillic alteration forms the upper parts of some deposits. Ore
controls are proximity to late-stage, porphyritic, sub-volcanic
intrusions. Geochemical signature includes elevated concen-
trations of Cu, Au, and Ag, as well as As. Porphyry Au depos-
its formed at paleodepths less than 1 km, as opposed to 1.5 to
4.0 km depths for most porphyry Cu—(Mo) deposits (Muntean
and Einaudi, 2000).

We have assigned no mineral occurrences in the HRB to
the igneous-hosted porphyry Cu—Au category of deposits (fig.
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7-1; table 7—1). Nonetheless, some Au deposits in the Battle
Mountain Mining District and the McCoy Mining District,
south of Battle Mountain (fig. 7—4), superficially may appear
to belong to this class of deposits because of widespread pres-
ence of precious-metal bearing skarn and other similarities as
described below. The geologic environment of Au metallogeny
in these mining districts—rifted cratonal flat slab magmatism
(Severinghaus and Atwater, 1990) possibly involving the
Yellowstone “plume” (Oppliger and others, 1997; see also,
Pierce and others, 2000)—does not precisely fit that model.
Furthermore, there are no volcanic rocks present in these

two mining districts that are coeval with the 38— to 40-Ma
magmatic event that is responsible for the abundant precious
metal-mineralized rocks (Doebrich, 1995; Doebrich and Theo-
dore, 1995, 1996; see also, Henry and Ressel, 2000). However,
the shallow seated (see also, chapter 8) distal-disseminated
Ag—Au deposits in the Battle Mounrtain Mining District may
be sedimentary-rock hosted counterparts of the porphyry Au
deposits of Muntean and Einaudi (2000), primarily because

of the former’s inferred presence near the tops of columns

of buried porphyry Cu—(Mo)-mineralized rock (Theodore,
2000). This geologic relation resembles the geologic setting
of the porphyry Au deposits. However, because of a relative
lack of widespread silicification in the distal-disseminated
Ag—Au deposits in the HRB compared to most porphyry Au
deposits, the former probably formed at depths more shallow
than the latter. Moreover, farther to the east in the general area
of the northern Tuscarora Mountains and southern Indepen-
dence Range near the north-central border of the HRB, 38— to
40-Ma andesitic volcanic rocks are widespread and they are
roughly coeval with intrusive rhyolitic rocks that are now
(2002) considered by some geologists (Henry and Ressel,
2000; Ressel and others, 2000) to be genetically associated
with at least some of the Au—mineralized rock present along
the Carlin trend Au deposits (see chapter 8). As is described
in chapter 8, this trend of currently (2002) producing Au
deposits hosts one of the premier clusters of Au deposits in
the world (fig. 7-2)—approximately 25 million 0z Au were
produced from this concentration of deposits up to 1996. If we
grant some reasonable assumptions, a geologic environment
favorable for presence of buried porphyry Cu—Au occurrences
may exist at depth in the general region of these Au deposits.
If such occurrences are eventually found and determined to be
of a quality suitable for mining—most likely by underground
methods—it is entirely possible that high Au—grade parts of
the buried porphyry Cu—Au systems could be brought into
production within a time frame of 10 to 15 years.

Base- and Precious-Metal Skarn
Deposits

Various types of fairly isolated skarn deposits, as well
as some mining districts made up almost entirely of skarn
occurrences, are widespread throughout the HRB (fig. 7-17).
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We follow the generic definition of skarn formulated by
Einaudi (2000): “coarse-grained calc-silicate rocks rich in Fe
and (or) Mg formed in dominantly calcareous wall rocks...a
metasomatic product formed by import of exotic components
by hydrothermal fluids.” However, some skarns are com-
posite, including parts hosted by the mineralizing intrusion
(endoskarn) as well as parts hosted by the intruded host rock
(exoskarn)—each part is dominated by a characteristic set of
alteration assemblages. The geology of most skarn-bearing
mining districts and the descriptions of their included deposits
suggest that several types of skarn or replacement deposits
are present, including porphyry Cu, skarn-related deposits;
Cu skarn deposits; Zn—Pb skarns; polymetallic replacement
deposits; Fe skarn deposits; Au skarn deposits; W skarn; and
replacement Mn deposits (Peters and others, 1996). Precious
metals as byproducts are not uniformly present in all of these
types of skarn deposits.

Permissive areas for skarn occurrences other than W
skarn are similar to those delineated for pluton-related depos-
its (Cox and others, 1996). Skarn or replacement deposits are
known to be present in the Gold Run, Jackson Mountains, Iron
Hat, Antelope, Harmony, and Trinity Mining Districts (fig.
7-9; see also, Jones, 1984a, 1985), as well as in a large num-
ber of other mining districts (fig. 7-17). However, an unusual
concentration of highly productive skarn deposits is present
in the Battle Mountain Mining District near the central part of
the HRB (fig. 7-17; Doebrich and others, 1995; Doebrich and
Theodore, 1996).

Porphyry Cu, Skarn-Related Deposits (Model
18a of Cox and Singer, 1986)

Porphyry Cu, skarn-related deposits usually are charac-
terized by chalcopyrite-bearing quartz-sulfide mineral stock-
work veinlets in porphyritic intrusive rock and adjacent altered
rocks, including skarn (Cox, 1986e). Typically, these types
of deposit in the general region of the HRB are generated by
Mesozoic- to Tertiary-age granitic stocks intruded into carbon-
ate rocks. Associated deposit types are Zn—Pb skarn, distal-
disseminated Ag—Au (see chapter 8), and polymetallic vein
and replacement deposits. Copper skarn, as defined by Einaudi
and others (1981) and Cox and Theodore (1986), generally is
restricted to occurrences that are associated genetically with
intrusive stocks barren of metals, and are thereby excluded
from being classified with porphyry Cu, skarn-related depos-
its. Alteration usually is K—silicate in barren intrusive rock
associated with Cu skarn, and skarn minerals such as andra-
dite, diopside, wollastonite, and tremolite are present in the
adjoining carbonate wall rocks (Einaudi and others, 1981).

A number of porphyry Cu, skarn-related occurrences
are present in the HRB. Specifically, most deposits in the
Copper Canyon area of the Battle Mountain Mining District
are included in this type of deposit, including the East and
West orebodies, which produced Cu, Au, and Ag in the late
1960s through the late 1970s (Theodore and Blake, 1975,
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1978; Doebrich and Theodore, 1996; Cary and others, 2000).
These deposits are associated with a Tertiary (38—Ma), potas-
sic-altered porphyritic granodiorite that contains about 0.25
weight percent Cu in its protore as chalcopyrite. Copper, Au,
and Ag ore was produced in the late 1960s and early 1970s
from those two orebodies in the Copper Canyon area predomi-
nantly from Paleozoic metasedimentary rocks which contained
pyrrhotite, chalcopyrite, pyrite, and marcasite, as well as
calc-silicate minerals in some places (Theodore and Blake,
1975, 1978). The original East Orebody, now (2002) mined
out (Doebrich and others, 1995), contained K—silicate mineral
assemblages without any prograde anhydrous calc-silicate
minerals, even though ore formed in previously calcareous
strata. Historic production from the Copper Canyon area is
shown in table 7-2. Some mineralized rock remaining in the
general area of the East Orebody (fig. 7-18) is projected to be
included within the outer limit of the Phoenix open pit (Cary
and others, 2000). The eventual outer limit of the Phoenix
open pit includes the surface projection of the Fortitude
(Lower and Upper) (fig. 7-19), West, and Northeast Exten-
sion orebodies, and the Phoenix open pit is one of the four pits
currently (2002) in the process of being permitted for mining
through a Plan of Operation from BLM. The other three pits
are the Greater Midas, Iron Canyon, and Reona (fig. 7-20).
Inasmuch as most ore scheduled to be mined from the Copper
Canyon area is classified as Au skarn (Cary and others, 2000;
Johnson, 2000), the ore there will be discussed as well in the
section below entitled “Gold Skarn Deposits (Model of Theo-
dore and others, 1991).”

The most likely location for undiscovered porphyry Cu,
skarn-related deposits is in, and around, previously identified
porphyry Cu systems, especially if carbonate wall rocks are
affected by any alteration assemblages associated with the
mineralizing porphyry systems. However, these features are
not represented in the data sets used in this assessment and,
therefore, the potential for these deposits cannot be depicted
well. Near many of these systems, the rocks are extremely
complex structurally because of the large number of protracted
structural events to which the rocks have been subjected. Rela-
tively small, but economic, targets require substantial drilling
to prove or disprove, and young gravels that fill the valleys
may cover some of these systems. An example of the latter
relation is the Redline (Converse) mineralized system that is
present under Tertiary and Quaternary gravel near the middle
of Buffalo Valley northwest of the main Battle Mountain
Mining District (fig. 7-3; Cleveland, 2000). This mineralized
system is described below in the subsection entitled “Gold
Skarn Deposits (Model of Theodore and others, 1991).”

Copper Skarn Deposits (Model 18b of Cox and
Singer, 1986)

Copper skarn deposits are characterized by chalcopyrite
associated with magnetite and pyrrhotite and a variety of other
sulfide and oxide minerals (Cox and Theodore, 1986). These

deposits are associated with barren stocks (Einaudi and others,
1981). Most of approximately 20 known Cu skarn occurrences
near the western part of the HRB are spatially associated with
Jurassic intrusive rocks, but Cretaceous and Tertiary deposits
also are present (fig. 7-9). According to Einaudi and others
(1981), Cu skarns form in less-dynamic magmatic-hydrother-
mal environments and at greater depths than the porphyry-
related skarns, so fluid flow apparently is restricted while crys-
tal growth is retarded. Therefore, development of widespread,
disseminated mineralized rocks—including large tonnages of
mineralized rock—is less likely, and Cu skarns typically are
relatively small deposits. Permissive and favorable tracts for
Cu skarn occurrences are similar to those in Peters and others
(1996) for Fe skarn and Zn—Pb skarn, all of which share many
geologic and geochemical characteristics (Einaudi and others,
1981; Meinert, 1993).

Zinc—Pb Skarn Deposits and Polymetallic
Replacement Deposits (Models 18c and 19a of
Cox and Singer, 1986)

Zinc—Pb skarn deposits also are found where carbonate
rocks are intruded by granitic rocks and typically are formed
farther away from the mineralizing intrusive rocks than are
Cu and Fe skarns. Zinc—Pb skarn deposits generally are more
common in the eastern part of the HRB than in the western
part, although their overall number of occurrences is rather
small. Their geologic environment of formation and geo-
graphic distribution is similar to those of polymetallic replace-
ment deposits (Cox, 1986g; Morris, 1986). Zinc—Pb skarns are
characterized by sphalerite and galena in metasomatic calc-
silicate rocks derived from carbonate and calcareous clastic
sedimentary rocks. Zinc—Pb skarns typically contain a number
of minerals rich in Mn and Fe as opposed to other varieties of
skarn (Zharikov, 1970; Burt, 1972, 1977, Einaudi and oth-
ers, 1981). Pyroxenes commonly are enriched in the Mn end
member, whereas garnets are commonly Fe-rich andradite.
Calc-silicate mineralogy typically includes garnet, diopside,
epidote, and tremolite.

Polymetallic replacement deposits (Morris, 1986) typi-
cally form tabular, pod-like, and pipe-like ore bodies, which
are localized by faults or bedding in sedimentary rocks. The
deposits are in sedimentary rocks, chiefly carbonate strata,
which were intruded by porphyritic calc-alkalic or alkali-cal-
cic plutons. Thick carbonate beds may fracture during magma
intrusion and deformation and act as good host rocks. Polyme-
tallic replacement ores contain galena, sphalerite, tetrahedrite,
and Ag—sulfosalt minerals. Mineral zoning is common so
that inner zones are rich in chalcopyrite or enargite, and outer
zones contain sphalerite and rhodochrosite. In many mining
districts, polymetallic replacement deposits are several to
many tens of meters outboard from the Zn—Pb skarn interface
(Einaudi and others, 1981). Jasperoid is common as well. One
locality in the Dutch Flat Mining District (fig. 7-2), in the
southern part of the Hot Springs Range, has been classified
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provisionally as a Zn—Pb skarn, and there are a number of
localities that have been classified as a polymetallic replace-
ment occurrences—two of the latter are in the Gold Run Min-
ing District (Peters and others, 1996; see also, Jones, 1983,
1984a), and nine are in the Humboldt Range (Cameron, 1939).
Although Pb and Zn are present as minor commodities
in many other types of skarn in the HRB, Zn—Pb skarn and
polymetallic replacement deposits generally are not important
in this region. Nonetheless, two exceptions to this general-
ization are present in the HRB. First, the Tomboy-Minnie
Au skarn in the Copper Canyon area of the Battle Mountain
Mining District was mined from 1978 to 1982 and yielded
approximately 7,902 kg Au from approximately 3.28 million t
ore (table 7-2). The Tomboy-Minnie also contained abundant
sphalerite and galena, but was mined only for its precious-
metal content (Theodore and others, 1986), and is therefore
classified as a Au skarn (see section below entitled “Gold
Skarn Deposits (Model of Theodore and others, 1991).” An
exception may be the large geologic resource of Zn in sphaler-
ite associated with the Mike Au deposit along the Carlin trend
(see above).

Iron Skarn Deposits (Model 18d of Cox and
Singer, 1986)

Iron skarn deposits typically are related to intermedi-
ate-composition intrusions that were emplaced into carbonate
strata or other mafic igneous rocks (Cox, 1986b). The deposits
contain magnetite or hematite with calc-silicate minerals in
contact metasomatic rocks. The most important Fe skarns
near the HRB have formed where Mesozoic plutons intruded
Triassic and Jurassic carbonate rocks—?22 sites in the general
area of the western part of the HRB have been classified as Fe
skarn occurrences (Peters and others, 1996).

Iron endoskarns near the southwestern boundary of the
HRB near Lovelock in the Mineral Basin Mining District are
associated with the Middle Jurassic Humboldt mafic complex
(Reeves and Kral, 1955; Shawe and others, 1962; Speed,
1962; Johnson, 1977; John and Sherlock, 1991; Johnson and
Barton, 2000). This complex forms part of a Jurassic conti-
nental magmatic arc (Dilek and Moores, 1995). The broad
expanse of Jurassic plutons in the Great Basin also has been
referred to as a backarc magmatic event that may owe its
origins to a slab collapse with attendant upwelling of the
asthenosphere (Dickinson, 2001). Jurassic Fe endoskarns
consist of massive magnetite replacement of gabbroic rocks
and magnetite stockworks in both plutonic and coeval vol-
canic rocks accompanied by scapolite and albite alteration.
These deposits are analogous to the island-arc calcic magnetite
skarn model type described by Einaudi and others (1981).
Such igneous-related Fe—oxide systems are relatively common
in Jurassic rocks throughout western North America (Barton
and others, 1988; Barton, 1996; Johnson and Barton, 2000).
Two major occurrences are in or near the HRB: the one near
Lovelock and several in the Cortez Mountains near Elko. In

the Humboldt mafic complex near Lovelock, the Buena Vista
Mine is the largest deposit with reserves of 18 million t at 32.7
weight percent Fe (Lowe and others, 1985). Total produc-
tion to 1971 is at least 4 million t ore (Johnson and Barton,
2000). The ore mainly is in replacement veins of magnetite
and hematite in scapolitized gabbro. The Humboldt mafic
complex has an enormous volume, approximately 7,900 cubic
kilometers, that was pervasively altered by Na—enriched fluids
that likely were derived largely from nonmagmatic sources
(Johnson and Barton, 2000). The Humboldt mafic complex
and its wall rocks also contain small oxidized Cu deposits and
some occurrences of amygdaloidal Cu, as well as some occur-
rences of Ni and Co near the easternmost part of the complex
in the Stillwater Range (Ferguson, 1939). In Fe occurrences in
the Cortez Mountains, a number of Fe—oxide deposits, hosted
by Mesozoic felsic volcanic rocks, comprise the Modarelli-
Frenchie Creek Mining District (fig. 7-2; Roberts and others,
1967). The Modarelli Mine is the largest of these deposits, and
total production through 1961 is approximately 0.4 million
long t (that is, 2,240 Ibs per long t) of ore probably averag-
ing approximately 57 weight percent Fe (Roberts and others,
1967).

In addition to the two major clusters of Fe—endoskarn
occurrences described above, a small number of Fe—skarns
in the McCoy Mining District in the Fish Creek Mountains
(fig. 7-17) are recorded as having minor production during
1943, 1951, and 1954, as well as 1961 through 1964 (Stager,
1977). The Fe deposit at the McCoy Mine is known as the
Uhalde-New World, and is not to be confused with the nearby
McCoy Au skarn (Kuyper, 1988; Brooks and others, 1991).
The Uhalde-New World Fe deposit consists of three lensoid
magnetite-rich orebodies that dip shallowly to the south as
replacement of a dolomitic protolith (Stager, 1977) belong-
ing to the Triassic Star Peak Group of Nichols and Silberling
(1977). The Hancock, at the east edge of the district at the
range front, is smaller than those at Uhalde-New World. In all,
approximately 40,000 long t of about 60 weight percent Fe
were mined from these deposits that are all related genetically
to intrusion of a nearby, east-trending Jurassic diorite into the
Triassic Augusta sequence (Stewart and McKee, 1977).

Permissive areas reported by Peters and others (1996)
for Fe skarn deposits are similar to those for other skarn
deposits in the general area of the HRB where the two areas
overlap. Known Fe skarn deposits, and areas of strongly posi-
tive aeromagnetic anomalies from both plutons and Buena
Vista-type deposits, are considered the most likely areas
for their occurrence. Aeromagnetic data was not used in the
present assessment, and these deposits are contained in the
generic pluton-related tracts. However, it is possible that some
magnetite-bearing skarn deposits that have been converted to
hematite during protracted periods of oxidation in the Tertiary
and Quaternary may not have a strong magnetic anomaly and
they may be covered by young gravels in the valleys. Such
covered oxidized magnetite skarn deposits probably could best
be detected by closely-spaced magnetic surveys that attempt to
find the similarly covered plutons associated with the deposits.
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Gold Skarn Deposits (Model of Theodore and
Others, 1991)

Gold skarn deposits form in contact metasomatic rocks,
generally in shallow-level paleoenvironments, formed at or
distal to contacts with intrusive rocks that range in composi-
tion from diorite to quartz monzonite. Meinert (1989, 1993,
1999; see also, 2000) suggests that most large Au skarn depos-
its are associated with reduced rather than oxidized plutons.
Rock textures in Au skarns typically are coarse-grained grano-
blastic (Meinert, 1989; Theodore and others, 1991). Deposits
associated with Au skarn include porphyry Cu, skarn related;
Cu skarn; Zn—Pb skarn; polymetallic replacement; polymetal-
lic vein; distal-disseminated Ag—Au; Au placer deposits, and
Carlin-type Au deposits. Recent studies by Johnson (2000a) in
the McCoy Mining District have concluded that a continuum
of mineralized environments exists from the Au skarn environ-
ment through the Carlin-type environment (see also, chapter
8). In addition, many skarn deposits mined in the past for base
metals would be most valuable today for their contained Au
(Theodore and others, 1991).

The mineralogy of Au skarns includes Au and electrum,
arsenopyrite, pyrrhotite, pyrite, high—Fe sphalerite, chalco-
pyrite, magnetite, native Bi, hedleyite, tetradymite, and other
telluride minerals. Altered rocks surrounding Au skarns are
typically converted to early K—feldspar-biotite, local inter-
mediate-stage grandite, andradite garnet, and hedenbergitic
or diopsidic pyroxene, as well as locally abundant retrograde
alteration minerals—the latter can include chlorite, hematite,
epidote, actinolite, sericite, and calcite. Limestone beyond the
metasomatic silicate front typically is still within the con-
tact aureole of the associated pluton, and, as such, has been
converted to marble. Some marble beyond the metasomatized
silicate front may contain concentrations of carbonaceous
material along narrow seams or fractures. This carbonaceous
material probably is expelled from those parts of the system
undergoing conversion to calc-silicate minerals.

Ore controls of Au skarn deposits may include mining
district-scale faults or fault intersections (Doebrich and others,
1995; Doebrich and Theodore, 1996), as well as district-scale
regimes of dilatancy resulting from transpressional shear cou-
ples operating during the time of magma emplacement and its
associated mineralization (Hildenbrand and others, 2001). Ore
may be distal to source intrusive rocks, near the marble line, or
it may form in apical parts of the intrusive complex (Ray and
Dawson, 1994). Geochemical signature is typically Au, Ag,
Cu, As, Pb, Zn, and Bi, as well as Te with local W. Many of
these metals form well-organized stacked mushroom-shaped
and pillar-shaped haloes that envelope ore in the system (Kot-
lyar and others, 1998b). These ore controls are not specifically
addressed in the present mineral assessment of the HRB.

In the central part of the HRB, a number of mineralized
occurrences in the Battle Mountain Mining District (Doebrich
and others, 1995) have been classified as Au skarn. Among
these occurrences is the Fortitude Au skarn, which is one of
the most economically important Au skarns worldwide (figs.

7-18, 7-19). These types of deposit also are present in the
McCoy Mining District (Brooks and others, 1991; see also,
Johnson, 2000), where they have 38— to 40-Ma ages of min-
eralization—these ages are the same as the ages of mineral-
ization of Au skarns in the Battle Mountain Mining District
(Theodore and others, 1973; McKee, 1992; McKee, 2000).

Gold skarn comprises the dominant orebodies in the
Copper Canyon area of the Battle Mountain Mining District.
A number of these orebodies were mined from 1978 through
1994 (fig. 7-18; see also, Blake and others, 1984; Theodore
and others, 1986; Wotruba and others, 1988; Myers and
Meinert, 1991; Myers, 1994). The Fortitude Au skarn deposit
at Copper Canyon produced approximately 1.9 million oz Au
between 1984 and 1993—it also contained approximately 0.2
weight percent Cu (Wotruba and others, 1988). The Phoenix
project (Doebrich and others, 1995; Cary and others, 2000;
Johnson, 2000b) presently (2002) includes a number of
economically important unmined Au skarn deposits at Copper
Canyon (fig. 7-20). A geologic resource of as much as 12 mil-
lion oz Au eventually may be attributed to the Copper Canyon
area (Kotlyar and others, 1998b), with an economic resource
of approximately 6 million oz Au remaining to be mined as of
late 2001 (table 7-3; see also, Cary and others, 2000; John-
son, 2000b). All Au deposits at Copper Canyon lie closer to a
central granodiorite stock than a well-developed surrounding
zone of Pb—Zn—Ag polymetallic veins (Roberts and Arnold,
1965; Kotlyar and others, 1998b). However, the Tomboy-Min-
nie Au skarn (deposit nos. 8-9, fig. 7-18), which also is mined
out (Doebrich and others, 1995), contained high Pb and Zn
concentrations in a retrograde-altered pyroxene skarn (Theo-
dore and others, 1986).

Advanced exploration activities and resource evaluations
by Battle Mountain Gold Co. (BMGC) primarily were focused
on the Copper Canyon area of the Battle Mountain Mining
District during 2000 even though actual mining operations had
been curtailed in late 1999. These activities included a 20,000
t test of Au ore from four separate ore zones at Copper Can-
yon as throughput for the autoclave at the Twin Creek mining
facilities. The Twin Creek facilities belong to Newmont Min-
ing Corporation. On November 22, 2000, the Securities and
Exchange Comission approved a merger between BMGC and
Newmont Mining Corporation—BMGC stockholders approved
the merger January 5, 2001, and the merger was completed
January 10, 2001. A draft Plan of Operations, including the
proposed processing of Au ore from Copper Canyon in the
autoclave at Lone Tree approximately 25 km north of Copper
Canyon and also belonging to Newmont Mining Corporation,
was being processed by BLM during 2001. This plan includes
open-pit mining at Copper Canyon to proceed for 13 years at a
rate of approximately 30,000 t of ore per day from the Phoenix,
Greater Midas, Iron Canyon, and Reona open pits (fig. 7-20).
Such production would include most of the in-place proven and
probable 176,633 kg Au (5.9 million oz Au) and 1,328,854 kg
Ag (44.3 million oz Ag) reserves as of year-end 1999 (table
7-3; see also, Cary and others, 2000). However, the likelihood
is quite good that additional reserves of Au and Ag could be
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found in the immediate area of Copper Canyon during that
proposed 13—year-long span of mining, thereby extending the
projected mine life of the area even further. In addition, the
likelihood is quite good that as much as 2 million oz Au will be
added to the overall inventory of Au reserves from the Copper
Basin part of the district. Further, as many as five or six struc-
turally-controlled, relatively small orebodies—each measuring
approximately 100,000 to 200,000 t ore—from elsewhere in
the areas of either Copper Canyon or Copper Basin should
progress to an economic ore reserve category over the next ten
years on the basis of past discovery rates of similarly-sized
deposits during the previous 30—year mining history at Copper
Canyon. Therefore, all of these reasonable projections should
extend duration of mining at Copper Canyon to approximately
20 years once it commences. Certainly, this overall scenario for
mining is contingent highly upon a reasonable future price for
Au and a decision to begin mining again.

The shallow bedrock areas of the pediments surrounding
the southern and southeastern parts of the Battle Mountain
Mining District are exceptionally good target areas for discov-
ery of additional Au orebodies. However, several companies
apparently have encountered only large volumes of low-grade
Au-mineralized rock after they have drilled as many as 50
holes. The appropriateness of exploration programs focusing
on shallow-bedrock pediment areas in the region, neverthe-
less, is emphasized by the recent discovery of the Redline
Au-skarn deposits in Buffalo Valley (fig. 7-3). Post-mineral
unconsolidated valley-fill alluvial gravels cover the Redline
deposits (fig. 7-21). These Au skarn deposits at year-end 1998
include an in-place indicated geologic resource of 48 million
t at a grade of 0.024 oz Au/t or approximately 1.2 million oz
Au, and an in-place inferred geologic resource of 35 million
t at a grade of 0.023 oz Au/t or approximately 0.8 million oz
Au (Cleveland, 2000). In contrast to the high-sulfide mineral
content of the Au—skarn orebodies at Copper Canyon (Cary
and others, 2000; Johnson, 2000b), mineralized rock in the
Redline deposits contains approximately 0.5 volume percent
sulfide minerals (Cleveland, 2000). The Redline deposits
are related to a 41-42 Ma (R.J. Fleck, oral commun., 2001)
Tertiary porphyry stock and dikes that were emplaced into
calcareous sandstone of the Mississippian, Pennsylvanian, and
Permian Havallah sequence—the stock and dikes are present
at the intersection of north- and northwest-striking structures.
A cross-section through the system shows the relation of the
central porphyry stock to the two adjoining deposits, South
Redline and North Redline, as well as the fact that the min-
eralized system is covered by gravel deposits younger than
the mineralized rocks (fig. 7-21). The mineralized system
is covered by 8.5—m- to as much as >240-m-thick gravels.

As a result, discovery of the South Redline deposit occurred
roughly six years after initial exploration efforts began to be
focused on the property (Cleveland, 2000).

Favorable areas for Au skarn in the western part of the
HRB coincide with favorable tracts for porphyry-related
deposits in Peters and others (1996), but Au skarn also may be
found elsewhere where contact metasomatic or skarn occur-

rences or porphyry-related districts containing Au production
or anomalous concentrations of Au have been reported. On the
basis of the recent discovery of a continuum of deposits from
the Au skarn environment through Carlin-like Au—mineralized
rock (Johnson, 2000a), Carlin-type Au deposits also could be
considered as indicator deposits for skarn-type mineralized
rock at depth (see chapter 8).

Tungsten Deposits

Tungsten skarn deposits are common in Nevada, but W
vein deposits are not (fig. 7-9; Hess, 1911; Hess, 1917; Kerr,
1946; Lemmon and Tweto, 1962; Kornhauser and Stafford,
1978; Stager and Tingley, 1988; John and Bliss, 1994). Tung-
sten skarn deposits are particularly widespread in the HRB
(Schilling, 1963, 1964; Johnson and Benson, 1963), where
two of the previously largest W—producing areas in the United
States, the Mill City and Potosi Mining Districts, are present
(fig. 7-17). There has been no significant W production in the
HRB since 1957 when funding of the U.S. Stockpile Program
was suspended (J. Tingley, written commun., 2002).

The geologic setting of W skarns and minor W-bearing
quartz veins is consistent in the region, and the deposits gener-
ally are present at or near the contacts of limestone-bearing
strata and granitic plutons (Cox, 1986a, and many others previ-
ously). The tungsten mineral in skarns generally is a variety of
scheelite, whereas in quartz veins the mineral generally is wol-
framite. The plutons are Early Cretaceous in the Imlay (Vikre
and McKee, 1985) and Hooker Mining Districts (fig. 7-2;
Smith and others, 1971), but Late Cretaceous in the large Mill
City Mining District and in the Potosi Mining District (Sil-
berman and McKee, 1971; Silberman and others, 1974) (fig.
7-17). Tungsten mostly is contained in scheelite-bearing quartz
veins that cut altered Triassic limestone in the Imlay Mining
District (Johnson, 1977). Tungsten deposits also are associ-
ated with Late Cretaceous granitic rocks in the Nightingale
Mining District near the south westernmost lobe of the HRB
(fig. 7-17). In contrast to porphyry Cu deposits, hot-spring Au
deposits, and sedimentary rock-hosted Au—Ag deposits, which
have mainly been mined by open-pit methods, most W produc-
tion in the general region of the HRB has come from under-
ground mines. In addition, W is associated with hot-spring
Mn deposits in the Golconda Mining District (fig. 7-2), in the
north-central part of the HRB (Penrose, 1893; Kerr, 1940; see
also, section below entitled “Other Tungsten Deposits™).

Tungsten-Skarn Deposits (Model 14a of Cox and
Singer, 1986)

Tungsten-skarn occurrences are present at or near contacts
of mesozonal quartz monzonite plutons with carbonate wall
rocks. Many of these plutons are weakly peraluminous. An
association with aplite and (or) pegmatite bodies is common.
These occurrences have many similarities and commonly are
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associated spatially with base-metal skarns (fig. 7-17; see also,
Einaudi and others, 1981; Einaudi and Burt, 1982). Tungsten-
bearing skarns commonly form in roof pendants or thermal
aureoles of relatively deep-seated mesozonal plutons that have
been emplaced at depths where ambient pressures are 1 kb or
greater. Skarn mineralogy is dominated by grandite garnet and
hedenbergitic pyroxene. Mineralized rocks generally contain
molybdenite, pyrrhotite, sphalerite, bismuthinite, chalcopyrite,
and scheelite, as well as magnetite (Barton and others, 1988).
Large areas of early-formed, Fe—poor calc-silicate rock, which
are formed by isochemical recrystallization, generally extend
significant distances from the centers of metasomatism at
the sites of the W skarns. Ore controls for W skarns are both
stratigraphic and structural, and they include the three dimen-
sional configuration of contacts between igneous intrusions and
wall rock. These contacts influenced profoundly the channel-
ing and the ponding of ore-forming fluids. Tungsten-skarn
occurrences range in size from small showings (<1 tonne) or
trace byproducts to major deposits (>1 million tonnes), and
they are present in many areas of the western part of the HRB
where Late Cretaceous plutons, ranging in composition from
diorite—as little as 62 weight percent SiO, (see table in John
and Bliss, 1994)—to granite, intrude limestone, dolomite, or
other chemically reactive rocks (Hess and Larson, 1921; Cox,
1986a; Stager and Tingley, 1988). Approximately 150 mineral
occurrences in the HRB have been classified as W skarn. Base
metals, Mo, and Ag accompany W in trace amounts in many
of these occurrences. John and Bliss (1994) indicate that the
size of W—skarn deposits mined in Nevada is unusually small
because they were mainly exploited during times of war when
government subsidies were used to stimulate production.

Although the districts are relatively minor economically,
the Corral Creek, Lee, and Harrison Pass Mining Districts in
the Ruby Mountains, approximately 40 km southeast of Elko,
Nev., and near the east border of the HRB (fig. 7-17), contain
some importanr relations between W and base metals. Miner-
alized rock at the American Beauty and Summit View Mines
in the Corral Creek and Lee Mining Districts contains Pb, Zn,
Cu, and Ag sulfide minerals, as well as Ba (barite + celsian)
and minor W and Au (Berger and others, 2000). Polymetal-
lic quartz-sulfide mineral (chalcopyrite + galena + sphalerite)
veins represent the final retrograde stages of mineralization
at the deposits following a predominantly pyroxene-rich,
anhydrous early alteration stage. Copper—-Pb—Zn + Au + Ag
ore from the late-stage veins is dominant at approximately
8,200t elevations at these occurrences. However, just to the
east in the Harrison Pass Mining District, which is at a much
lower elevation, approximately 15,000 units WO, were pro-
duced from W-skarn occurrences during 1941-1944, 1953—
1957, and 1978-1979 (LaPointe and others, 1991). These
relations suggest a vertical metal zonation from deep W skarn
to relatively shallow Cu—Pb—Zn polymetallic veins across a
vertical interval of about 500 m in this area.

The broad W metallogenic province outlined by Stager
and Tingley (1988) in Nevada contains many clusters of
National Uranium Resource Evaluation (NURE) stream-sedi-

ment and soil samples that also have anomalous concentra-
tions of Mo (King, 1996; King and others, 1996). The only
other strong clustering of anomalous concentrations of Mo
is in the general area of the Battle Mountain Mining District.
In addition, the W province appears to have relatively low
concentrations of Ba when Ba concentrations within it are
compared with those in the surrounding region (King, 1996).

Permissive tracts for both W—skarn and W—vein deposits
are defined by presence of granitoid plutons within the HRB
and should be similar to permissive tracts for porphyry-related
deposits. However, only Cretaceous intrusive centers are
known to be associated with significant concentrations of W
in the HRB—exemplified by those in the Mill City and Potosi
Mining District. Limited age data on plutons in the HRB
prevented the separation of Cretaceous intrusive centers from
other plutons in the present mineral assessment of the HRB.
Nonetheless, some minor amounts of W have been mobilized
by fluids as young as approximately 1 Ma—probably even
younger than this—in the Golconda Mining District (see sec-
tion below entitled “Other Tungsten Deposits™). Stager and
Tingley (1988) have defined a northeast-trending tungsten belt
through the southwest part of the HRB.

The Mill City (Kerr, 1934) and Potosi Mining Districts
(Klepper, 1943) are located at the east margin of the Cretaceous
Lovelock granitoid batholith belt, which is interpreted as the
northeast extension of the Sierra Nevada batholith by Smith
and others (1971). The largest W—skarn deposit is the Springer
Mine (previously known as the Sutton Number 1 and 2 depos-
its) in the Nevada Massachusetts group (King and Holmes,
1950; Johnson and Keith, 1991), where a small granodiorite
stock intruded and metamorphosed a thick clastic sequence
of Triassic shale, quartzite, and minor limestone. The Riley
Mine in the Potosi (or Getchell) Mining District in the Osgood
Mountains has the third largest recorded production of W in
Nevada (Neuerburg, 1966; Taylor, 1976), whereas the Getchell
Mining District has third largest W production in Nevada after
Mill City and Tempiute Mining District in eastern Nevada.
Mineralized rocks at the Riley Mine are associated with the
92-Ma granodioritic Osgood Mountains stock, which intruded
Cambrian shale and limestone. Tungsten skarn clusters near
the contact between the stock and adjacent limestone strata.
Wollastonite is the most abundant contact metamorphic mineral
(Hobbs and Clabaugh, 1946; Hobbs and Elliott, 1973; Jorale-
man, 1975). Skarn minerals, associated with ore in both the
Mill City and Potosi Mining Districts, include quartz, epidote,
garnet, and diopside, as well as minor retrograde tremolite.

In addition, scheelite, pyrrhotite, molybdenite, chalcopyrite,
arsenopyrite, pyrite, sphene, and apatite are present.

In the event that some type of national emergency takes
place wherein newly mined W is needed to supplement that
existing in the national stockpile, several deposits in the HRB
are likely candidates for further development. The under-
ground Springer Mine in the Imlay Mining District (fig. 7-2)
contains approximately 1 million units of WO, at a grade
sufficient to sustain significant production (J.V. Tingley, oral
commun., 2000). However, the existing shaft at the Springer
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Mine probably would need dewatering and rehabilitation if
production of W is to recommence. In the Potosi Mining Dis-
trict, near the east flank of the Osgood Mountains, undevel-
oped W—skarn mineralized rock is present below the workings
at the Moly-Tonopah Mine. However, these W resources are
not fully explored and further development would require sig-
nificant additional in-fill drilling (J.V. Tingley, oral commun.,
2000). Further, the entire remaining W resource, if present, at
the Moly-Tonopah Mine may have been removed during strip-
ping associated with westward advance of open-pit operations
associated with nearby open-pit Au mining at the Getchell
Mine (see also, Chevillon and others, 2000).

Tungsten Vein Deposits (Model 15a of Cox and
Singer, 1986)

Tungsten vein deposits are present as quartz-wolframite
veins that contain molybdenite and minor base-metal sulfide
minerals (Kelly and Rye, 1979; Cox and Bagby, 1986). They
usually form in monzogranite to peraluminous granite stocks
or in the contact aureoles of these bodies in surrounding
siliciclastic sedimentary rocks and metasedimentary rocks,
rather than in carbonate rocks (Ludington and Johnson, 1986;
Barton, 1990). Other minerals present include bismuthinite,
pyrite, pyrrhotite, arsenopyrite, bornite, scheelite, beryl, fluo-
rite, and tourmaline. The ore typically includes massive quartz
veins with minor vugs, parallel walls for the veins themselves,
and local breccia. The W vein deposits have produced signifi-
cantly less than W skarn deposits in the in the general region
of the HRB (see also, John and Bliss, 1994). Known occur-
rences are located in New York Canyon (Ludington and John-
son, 1986; Johnson and others, 1986), in the Imlay Mining
District, and in the West Humboldt Range, south of Lovelock.
Most occurrences in the HRB contain scheelite, rather than
wolframite, and, therefore, such occurrences are not directly
compatible with the deposit model. In addition, they are appar-
ently much smaller than the tonnages shown in the model.
Tungsten deposits in the Humboldt Range (Peters and others,
1996) include veins and pegmatites containing quartz, fluorite,
beryl and anomalous U (Cameron, 1939; Klepper, 1943)—
these are mineral and elemental associations generally not
associated with hornblende-bearing granitic (sensu lato) rocks.
This association suggests that the areas near W vein deposits
may represent mineralized rocks formed from a magma type
different from that associated with W skarn found elsewhere
throughout the HRB. Tungsten skarn generally is associated
with hornblende-bearing granitic rocks (John and Bliss, 1994).

Other Tungsten Deposits

Other areas in the HRB that are considered to lie within
favorable or prospective W domains include mining districts
that have either minor production of W or known occurrences
of W minerals (Peters and others, 1996). These W localities
have many characteristics similar to those in the large mining

districts, but they also may be associated with porphyry-related
mineralized rocks (Erickson and Marsh, 1974a, 1974b, 1974c¢),
or they may be associated with epithermal deposits (Willden
and Hotz, 1955). Tungsten, as scheelite, is present in some of
the low—F porphyry Mo deposits in the Battle Mountain Mining
District (Theodore and others, 1992) as we described above.

Tungsten deposits in the Golconda Mining District, near
Interstate 80 approximately 25 km east of Winnemucca (fig.
7-17), have characteristics different from those listed above.
These deposits contain MnO, minerals in lacustrine beds
associated with Pleistocene Lake Lahontan (Penrose, 1893;
Palmer, 1918). The deposits are hosted in fanglomerate under
a caliche-like cap, and W is contained within psilomelane and
limonite (Pardee and Jones, 1920; Buttl, 1945). These charac-
teristics are not compatible with either the W—skarn or the W
vein models, but represent another type of W resource. Kerr
(1940, 1946) suggested that these deposits in the Golconda
Mining District are associated with recent hot springs—which
are still (2002) active in the area—and it is likely that these
deposits closely have a close genetic alliance to epithermal
(hot-spring) Mn deposits described by Mosier (1986a; see
also, Mosier, 1986b). Some have suggested that W at Gol-
conda may have been remobilized during the Holocene from
Cretaceous skarn deposits at depth.

Other Pluton-Related Deposits

Other types of deposits that are related to the plutonic
geologic environment include polymetallic vein and replace-
ment deposits, and replacement Mn deposits. Polymetal-
lic occurrences are widely distributed throughout northern
Nevada and the HRB (fig. 7-22). Many of these mining
districts contained economically and geologically significant
deposits—these include Battle Mountain, McCoy, Lewis-
Hilltop, Bullion, and Kennedy Mining Districts (fig. 7-22),
as well as a number of mining districts near Austin, Nev., and
elsewhere in the northern part of the State. Mining districts
near Austin include the Reese River, Ravenswood, Skookum,
New Pass, Big Creek, and Kingston (Victorine). Silver ore
was discovered in polymetallic quartz veins in the Reese River
Mining District in 1862, and probably as much as $26 million
was produced between 1863 and 1908 (Stager, 1977). In the
Ravenswood Mining District, Ag—Pb—Cu quartz veins yielded
less than $10,000 worth of production (Stager, 1977). How-
ever, this mining district includes a structural window through
the allochthon of the Roberts Mountains thrust (Stewart and
McKee, 1977), which has some potential for presence of
sedimentary rock-hosted Au—Ag occurrences (see below).
Base metal veins are part of the geologic signature of some
of the largest Carlin-type Au deposits in Nevada (see chapter
8). The Skookum Mining District also contains some Au-Ag
polymetallic quartz veins that contain tetrahedrite and Cu— and
Pb—oxide minerals—at most, production during 1908 had a
value of about $100,000 (Stager, 1977). A similar quantity
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of production was obtained from the mining of Ag—(Cu-Sb)
quartz veins from the Big Creek Mining District. The Kings-
ton (Victorine) Mining District contained Au—Ag quartz veins
formed in silicified zones in lower Paleozoic limestone—these
veins geochemically zone to Pb—Zn—bearing quartz veins at
depth. Most of these polymetallic veins near Austin are related
to intrusion of Jurassic and (or) Cretaceous granitioid rocks.
In contrast to the Mesozoic age for polymetallic vein deposits
in the mining districts near Austin, polymetallic veins in the
Battle Mountain, Kennedy, Lewis-Hilltop, and Bullion Mining
Districts probably are mostly middle Tertiary (Roberts and
Arnold, 1965; Gilluly and Gates, 1965; Johnson, 1977; Kot-
lyar and others, 1998b; Theodore, 2000).

Polymetallic occurrences have been important past
producers of base and precious metals in the Bullion, Hilltop,
and Lewis Mining Districts which are located in the Shoshone
Range, approximately 35 km southeast of the town of Battle
Mountain (fig. 7-22). However, the bulk of the Au in these dis-
tricts has come from Carlin-type Au systems at Gold Acres and
Pipeline and will be discussed below in chapter 8. The Bullion,
Hilltop, and Lewis Mining Districts have a cumulative produc-
tion from the 1870s to about 1950 of 180 metric tonnes Ag,
600 metric tonnes Cu, and 600 metric tonnes Pb from as many
as 150 sites (Stager, 1977). Although most mineralized occur-
rences in the Hilltop district are associated with Pb and Zn, one
prominent Au occurrence at the promontory known as Hilltop
is on the margins of a 41.2-Ma cluster of diorite-granodiorite
intrusions and is associated with Sb and As (Kelson and others,
2000). At Hilltop (fig. 7-22), mineral assemblages containing
precious metals overprint base metal-mineralized rock (Kelson
and others, 2000). The Au occurrence at Hilltop contains 10.35
million tons of mineralized rock grading 0.073 oz Au/t (Adams
and others, 1991) and has been classified as a distal dissemi-
nated Au—Ag deposit by Theodore (2000; see also, chapter 8).
All of these mineralized occurrences in the Shoshone Range
provide a convincing anchor point for preferred clustering of
mineralized systems along the northwest alignment of mineral
occurrences (fig. 7-22) termed the Battle Mountain-Eureka
mineral belt by Roberts (1966), and also referred to as the
“Battle Mountain gold belt ““ by Madrid and Roberts (1991).

Polymetallic veins are the predominant types of mineral
deposit in the Contact Mining District, which is near Ellen D
Mountain near the northeast corner of the HRB approximately
80 km north of Wells, Nev. (fig. 7-22). Between 1908 and
1965, this mining district produced approximately 260 metric
tonnes Cu, 35 kg Au, 16 metric tonnes Pb, 3,600 kg Ag, and
8,300 kg Zn from about 60 mineralized sites (LaPointe and
others, 1991). Further, in 1972—-1973 Coralta Mines drilled out
8 million t mineralized rock grading approximately 2.3 weight
percent Cu (Banner deposit, table 1; see also, LaPointe and
others, 1991). In June, 2000, Golden Phoenix Minerals, Inc.,
announced the results of an evaluation that found a measured
and indicated resource of approximately 432,000 metric
tonnes Cu that is contained in 61 million metric tonnes ore
grading 0.77 wt percent Cu (Golden Phoenix Minerals, Inc.,
Reno, Nev., Press Release, June 20, 2000).

In addition, the base-metal vein part of the Cove distal dis-
seminated Au—Ag deposit in the McCoy Mining District (fig.
7-22)—premining reserves included 1.0 million kg Au and 4.7
million kg Ag—is economically important and includes galena,
sphalerite, and a Ag—sulphosalt-carbonate mineral stage (John-
son, 2000a; see also, Kuyper and others, 1991). The polymetal-
lic mineral assemblage at Cove apparently has been superposed
on an earlier Au-bearing Carlin-like mineral assemblage that
includes Au-bearing arsenical pyrite and (or) marcasite as nar-
row rims on early-formed Fe sulfide minerals.

Manganese replacement deposits also are considered
under this overall family of polymetallic mineral deposits, but
they are not widely distributed in the HRB. All of these types
of deposit are considered to be related to, but distant from,
centers of porphyry Cu and other types of porphyry systems.
Because fluids associated with the generation of polymetal-
lic vein and replacement and replacement Mn occurrences
can migrate far from their magmatic source, permissive areas
for porphyry Cu tracts in the western part of the HRB previ-
ously were expanded somewhat by Peters and others (1996) to
include some Cenozoic rocks and deeply eroded Tertiary rocks
that may host polymetallic vein and replacement occurrences.

Finally, reference also should be made to the economically
significant polymetallic replacement deposits in the Eureka
Mining District, even though this district is far to the south of
the HRB (fig. 7-22). Recorded production during 1866—1994
from the district includes approximately 0.3 million tonnes Pb.,
7,000 metric tonnes Zn, 48 metric tonnes Au, and about 1,000
metric tonnes Ag (Vikre, 1998). However, these production
figures are grossly understated because much of the early metal
production from the district went unrecorded. The bulk of the
metal production in the district is from structurally dismembered
pods of oxidized carbonate replacement deposits that formed
distal to a composite 107-Ma intrusion that includes well-devel-
oped skarn assemblages proximal to the intrusion (Vikre, 1998).
Although the polymetallic replacement ores have not generated
much production in the recent past, the important point to bear
in mind is that exploration interest continues in the mining dis-
trict to this date (2002) because of possible economic viability
of relatively small tonnage, but high grade, underground targets
that would not cause much surface disturbance. In addition,
recent discoveries of large-tonnage Au deposits have added to
overall production from the district (see chapter 8).

Platinum-Group-Element (PGE) Potential of
the Humboldt Mafic Complex, Nevada
By Michael L. Zientek, Gary B. Sidder, and Robert A. Zierenberg

Introduction

The Humboldt mafic complex is a Jurassic suite of
mafic plutons and volcanic rocks exposed in the Stillwater,
West Humboldt, and Clan Alpine Ranges in west-central
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Nevada (fig. 7-23). The complex was mapped and described
by Page (1965) and Speed (1962, 1976), who considered that
the complex was emplaced as a single lopolithic mass. This
comagmatic suite of volcanic and intrusive rocks is now (2002)
thought to have evolved from subduction-derived magmas in

a volcanoplutonic setting (Dilek and Moores, 1995). These
rocks show intense Na-rich alteration related to circulation of
non-magmatic external brines driven by the heat generated dur-
ing emplacement of the magmatic rocks (Johnson and Barton,
2000; Kistler and Speed, 2000). Iron deposits and prospects, as
described above, are the predominant resource that is related

to this event (Reeves and Kral, 1955; Moore, 1971; Johnson,
1977). The ore is present as massive magnetite, as bodies that
replace mafic volcanic and gabbroic or dioritic rocks, as veins
and dikes, and as cement in breccia bodies. Alteration related to
young, epithermal deposits, such those at the Dixie Comstock
Mine (Vikre, 1994), also affects the mafic complex.

Processes that Form PGE-Enriched Ore Deposits

Mafic intrusions have potential for the occurrence of
deposits that may be enriched in Pt—group elements (PGE),
Ni, and Cu. However, the type of deposit and likelihood of
occurrence depend on the geologic environment in which the
mafic rocks were formed. This section discusses the potential
for PGE—enriched deposits in the Humboldt mafic complex.
The processes that form magmatic ore deposits are described
in the context of how this knowledge would be used to evalu-
ate the PGE potential of these rocks. In addition, magmatic ore
deposits that are present in mafic rocks similar to those that
comprise the Humboldt mafic complex are reviewed briefly.
Finally, the limited PGE information on the Humboldt mafic
complex is summarized.

Mineral deposits enriched in PGE commonly are associ-
ated with mafic to ultramafic igneous rocks. Most commonly,
these are magmatic ore deposits, which represent concentrations
of crystals of metallic oxides, such as chromite, or immiscible
sulfide or oxide liquids that formed during the cooling and
crystallization of magma. In some instances, hydrothermally
mineralized rocks that formed near mafic to ultramafic igneous
rocks also can be enriched in PGE (McCallum and others, 1975;
Hulbert and others, 1988; Rowell and Edgar, 1986).

Deposits that represent the crystallization products of an
immiscible sulfide liquid are the most likely type of magmatic
ore deposit to be found in rocks like those that make up the
Humboldt mafic complex. If droplets of immiscible sulfide
liquid form in mafic or ultramafic magmas, they will act as
“collectors” for Cu, Ni, and PGE as a result of the high parti-
tion coefficient for these elements between sulfide and silicate
liquids (Naldrett, 1989; Barnes and Maier, 1999). One strategy
to evaluate the PGE potential of mafic rocks is to determine
if any indication is present that processes that cause sulfide
exsolution may have occurred.

Processes that change magma composition also may cause
exsolution of an immiscible sulfide liquid from a mafic magma
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(Haughton and others, 1974; Naldrett, 1989; Ripley, 1999).
Magma composition can be changed by assimilating sulfur,
assimilating country rocks, mixing magmas, or fractionational
crystallization. Sulfur assimilation has been documented for
deposits that are present near the margins of intrusions that are
emplaced into country rocks that are enriched in S; for exam-
ple, evaporites and sulfidic black shales. Sulfur isotope studies
show that the S in these magmatic deposits was derived largely
from the sedimentary rocks (Godlevsky and Grinenko, 1963;
Ripley and others, 1999). Some deposits near the margins of
intrusions do not show evidence for S assimilation. However,
presence of inclusions of country rock in various stages of
reaction, variable modes and textures, and changes in mineral
and isotopic compositions may indicate that magma composi-
tion was changed by assimilation of country rock. Mixing of
magmas takes place during emplacement and recharge of large
magma chambers (which may form cyclic units found in cumu-
lates) or during co-mingling of magmas in upper level magma
chambers (mixed rocks, mutually intrusive relations, magmatic
breccias). Exsolution also can be triggered by fractional crys-
tallization of magmas; immiscible sulfide liquids are typically
found in the Fe-rich differentiates that represent some of the
last material to crystallize.

The immiscible sulfide liquids that form magmatic sulfide
deposits are variably enriched in Ni, Cu, Co, and the PGE. PGE
composition of ore should reflect the initial concentration of
these metals in the silicate magma and the value of the parti-
tion coefficient of these metals between the silicate and sulfide
liquids. However, composition variability of magmatic ores
indicates that other factors influence metal contents of these
deposits as well. In particular, the relative amount of available
sulfide versus silicate liquid and the extent to which they inter-
act is an important control on metal content (Naldrett, 1989).
This relation is expressed in the following equation:

Y; = Di*C°iR+1R+Di

where R is the mass ratio of silicate to sulfide liquid; C°;
is the initial concentration of metal i in the silicate magma; Dj
is the Nernst partition coefficient; and Yj is the concentration
of any metal i in the sulfide melt. For equilibria between sul-
fide melts and silicate magmas, the Nernst partition coefficient
is defined as:

Dj = wt percent of metal i in sulfide meltwt percent of
metal i in silicate melt

Values of the Nernst partition coefficient have been
calculated from experimentally determined exchange partition
coefficients and estimated from studies of deposits. Values of
D range between 315 to 1,070 for Ni, 913 to 1,383 for Cu, and
thousands to hundreds of thousands for the PGE (Barnes and
Maier, 1999).

In order to get a magmatic deposit enriched in PGE, large
mass ratio of silicate to sulfide liquid must be achieved. This
can be accomplished by mixing magmas, migrating interstitial
melts and “fluids” upward through crystal mush, or streaming
magma over sulfide minerals as in a flow, sill, or feeder dike.
Field and laboratory studies can provide evidence for the pres-
ence of these processes.
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Crystallization processes for immiscible liquids also can
affect composition of deposits (Zientek and others, 1994; Barnes
and Maier, 1999). These liquids as well can fractionally crystal-
lize. In most natural sulfide melts, the first phase to crystallize is
monosulfide solid solution (MSS). Constituents such as Cu, Pt,
and Pd, which are less compatible in the MSS structure than in
the melt, become enriched in the melt. Ores that consist of MSS
cumulates have lower Pd and Pt contents than would be expected
of ores that represent liquid compositions. The differentiates of
this process are enriched in Cu, Pt, and Pd. Examples of such
compositional variability are seen in Sudbury and Noril’sk-Tal-
nakh ores (Naldrett, Asif, and others, 1994; Naldrett, Pessaran,
and others, 1994; Zientek and others, 1994).

Magmatic ore deposits have two endmembers—those in
which the amount of sulfide minerals is small relative to the
overall size of the intrusion versus those in which the amount
of sulfide minerals is large. Most deposits are of the first type;
the size of the deposit is related roughly to the size of the intru-
sion. However, several world-class deposits are present in small
intrusions. These latter deposits appear to have formed in con-
duits or feeder zones through which large volumes of magma
passed. Exsolution of sulfide minerals occurred in the conduit,
and sulfide liquids migrated into physical traps (Lightfoot and
Naldrett, 1999; Naldrett and Lightfoot, 1999). The resulting
sulfide deposits became enriched in metals as magma flowed
over the sulfide liquids. The deposits at Noril’sk-Talnakh and
Voisey’s Bay may have been produced in a conduit or feeder
zone. Even though this mechanism has formed large deposits,
our understanding of the processes is limited; we only can
speculate on specific processes that control the locations of
these conduits and deposits that may form in them.

Geologic Settings and Mineral Deposit Types

Various types of magmatic sulfide deposits can be distin-
guished by the amount of sulfide minerals present; the relative
enrichment of PGE, Cu, and Ni in the sulfide minerals; the
tonnage of rock that is mineralized; associated rock types; and,
finally, the geometry of the mineralized rocks relative to the
mafic-ultramafic igneous rocks. Some types of magmatic ore
deposits can be found in any ultramafic-to-mafic rock; others
are restricted to rocks that form in particular geologic settings
and age, or they were derived from magmas of a particular
composition.

Classification schemes for magmatic ore deposits
integrate rock associations and magma type, tectonic setting,
principal mineral associations (for example, sulfide minerals
versus oxide minerals), as well as setting and (or) geometry
within an intrusion. Many schemes have been proposed for
classifying mafic and ultramafic rocks and their associated
ore deposits (Naldrett, 1981; Page and others, 1982; Naldrett,
1989; Capri and Naldrett, 1984; Hulbert and others, 1988).
Table 7—4 summarizes information on ultramafic mafic rocks
associations and various types of PGE—enriched magmatic
processes of mineralization. The rock associations reflect the

different geologic settings within which mafic and ultramafic
rock can be present. However, the geologic environment
determines the size of the pluton, the emplacement style, the
composition of magma, rates of magma discharge, and the
likelihood of preservation. All these factors influence the kind,
size, and grade of magmatic deposits that may be found. The
different types of mineralized rocks reflect the underlying ore-
forming processes that, in turn, determine the geometry of the
mineralized rocks and their rock associations, as well as the
tonnage and grade of the deposits.

Humboldt Mafic Complex—Geologic Setting and
Expected Deposits

Rocks of the Humboldt mafic complex have been inter-
preted to be the upper part of an arc-marginal basin ophiolitic
sequence (Dilek and others, 1988), part of a backarc complex
(Gleason and others, 1994), or possibly part of a rift com-
plex (John and others, 1993). However, the complex is now
(2002) interpreted to be part of a continental volcanic arc
(Dilek and Moores, 1995). This arc is considered to be the
northern continuation of a Jurassic continental margin arc that
extended from the Sonora Desert region in the south to north-
ern California in the north (Dilek and Moores, 1995). Trace
and rare-earth element geochemical data collected in this
study complement the work by Dilek and Moores (1995) and
Johnson and Barton (2000), and they support the interpretation
that the Humboldt complex formed in an arc setting. Ternary,
trace-element, and trace-element ratio discrimination diagrams
such as Zr-Nb-Y, Cr-Y, and Cr—Ce/Sr plots, respectively, and
chondrite-normalized spider plots classify rocks of the Hum-
boldt complex as volcanic arc (fig. 7-24).

The work by Dilek and Moores (1995) and Johnson and
Barton (2000) provide evidence that the gabbroic rocks of
the Humboldt mafic complex are an example of a magmatic
association, known world-wide, that includes synorogenic mafic
complexes that formed in and near calc-alkaline batholiths in
subduction-related magmatic arcs (Pitcher, 1982; Regan, 1985).
In general, this association consists of small mafic-ultramafic
plutons in calc-alkaline volcano-plutonic complexes that formed
as a result of subduction-related magmatism at convergent plate
margins. The intrusions display a close temporal and spatial
association with calc-alkaline plutonic rocks. The setting may
be analogous to the Early Cretaceous Andean continental
margin, in which similar gabbro-diorite intrusions, coeval mafic
volcanic rocks, and associated Fe and Cu—Fe deposits were
formed prior to emplacement of the Coastal Batholith of Peru
(Pitcher and others, 1985; Vidal and others, 1990).

Characteristics of Other Synorogenic Mafic
Complexes
Synorogenic mafic plutons rarely exceed a few hundred

square kilometers in areal extent. Equidimensional plutons
are generally less than 10 km in diameter; elongate plutons
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rarely exceed 5 km in width but may be more than 40 km long
(Regan, 1985, Brew and Morrell, 1983; Espenshade, 1972;
Thompson, 1984).

The mode of occurrence varies tremendously (Regan,
1985). Mafic plutonic rocks can be present as small sill-, dike-,
or plug-like bodies or as large plutonic complexes. Depth of
emplacement ranges from epizonal intrusions emplaced into
generally coeval volcanic rocks to mesozonal plutons that are
part of composite batholiths. The plutonic complexes also
can take the form of flat-topped, steep-sided plutons; arcuate
screens that lie between younger, commonly more silicic plu-
tons; or steep-sided lenticular or tabular masses. Mafic plutons
commonly appear to be clustered. The mafic intrusions can be
massive or homogeneous, layered, compositionally zoned, or
composite. Layered complexes in this setting may have over
10,000 m of layered cumulates (Thy, 1983).

Cumulates and rocks formed by nonaccumulative crystal-
lization may be present in mafic plutons. Layered intrusions
are not common, but plutons with modal layering, cryptic lay-
ering, and cyclic units have been described (Thy 1983; Boyd
and Nixon, 1985; Wilson and Larsen, 1985). Other intrusions
contain considerable tracts of unlayered cumulates. Rocks
with porphyritic or diabasic texture and orbicular rocks are
some examples of textures that may result from nonaccumula-
tive solidification. Rock types include peridotite, pyroxenite,
olivine gabbro, gabbro, gabbronorite, norite, diorites, and
ferrodiorite, as well as quartz-bearing norite, ferrodiorite, and
ferrosyenite.

Ore deposits in other synorogenic mafic complexes

Three types of magmatic deposits have been described
from mafic-ultramafic rock associations in synorogenic set-
tings. The most common deposit type consists of dissemi-
nated to massive sulfide minerals that are present near the
intrusive margins of a mafic-ultramafic pluton. Rare examples
of other styles of mineralized rock also have been reported.
Stratiform PGE—enriched layers have been reported from the
Lake Owen Complex in Wyoming. Disseminated, discordant
PGE-enriched sulfide-mineralized rocks are being mined from
the Lac des Iles Complex in Ontario. Further, hydrothermal
PGE-mineralized rock is associated with the Mullen Creek
Complex in Wyoming.

Marginal Sulfide Deposits

Marginal sulfide deposits typically form irregular zones
of disseminated to massive Fe-Ni—Cu sulfide minerals that are
present near the base or margins of intrusions (Page, 1986c¢;
Eckstrand, 1984). Pipe-like discordant bodies and veins of
Fe—Ni—Cu sulfide minerals, representing remobilized or late-
stage magmatic sulfide minerals, also have been described.
Tonnage and grade deposit models indicate a median tonnage
of 2.1 million metric tons with median grades of 0.77 weight
percent Ni and 0.47 weight percent Cu (Singer and others,
1986b). Low PGE tenors in magmatic sulfide minerals are
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characteristic for many deposits of this type. For the deposits
considered by Singer and others (1986b), only 10 percent of
the deposits have Pt, Pd, and Au greater than 16 ppb, 63 ppb,
and 35 ppb respectively. Low PGE concentrations also have
been reported in sulfide deposits that are present near the
margins of the St. Stephen, Portage Brook, and Goodwin Lake
intrusions, New Brunswick (Paktunc, 1989; 1990), as well as
those for Skjaekerdalen and Bruvann, Norway (Boyd and oth-
ers, 1987; Boyd and others, 1988).

Some sulfide deposits associated with synorogenic intru-
sions have slightly elevated PGE concentrations. Disseminated
sulfide concentrations in the Mechanic intrusion, New Bruns-
wick have as much as 2.4 ppm PGE (Paktunc, 1990). Mineral-
ized sulfide-rich rock—approximately 100 million tons of ore
grading 0.5 weight percent Ni and 0.3 weight percent Cu—
near the base of the LaPerouse layered gabbro in Alaska has
average Pt+Pd+Rh concentrations of 0.18 ppm in ultramafic
and gabbroic rocks and 1.2 to 1.5 ppm in massive sulfide and
floatation concentrates (Czamanske and others, 1981).

Stratiform Disseminated Sulfide Minerals in Layered
Cumulates

Stratiform layers of PGE—-Au-bearing minerals are con-
centrated in thin intervals of disseminated sulfide minerals that
are present in layered gabbroic cumulate rocks that comprise
the Lake Owen Complex in Wyoming (Louckes, 1991). This
intrusion is associated with a Proterozoic accreted arc terrane
along the Cheyenne Belt (Houston and others, 1989). Four lat-
erally persistent cumulus sulfide-enriched layers in this intru-
sion have Au+Pt+Pd concentrations in the range of several
hundred to several thousand ppb. Mineralized intervals range
from less than 1 m to 3 m thick and have been traced along
strike for more than 9 km. Mineralized rocks contain dissemi-
nated sulfide minerals; however, maximum concentrations of
Au and PGE are offset below one sulfide-enriched layer by 1
to 3 m. Generally, Au to Pt ratios are >1. Numerous PGE min-
erals have been identified, including platinum arsenide, Pt—Pd
tellurides, PGE selenotellurides, and malanite (Pt,CuS ).

Discordant, PGE—Enriched Mineralized Rocks

The Lac des Iles mafic and ultramafic complex in
northwestern Ontario, Canada, contains bulk-mineable
PGE-enriched mineralized rocks that are present in three
specific associations (Macdonald, 1988 ,1989): (1) low-grade
sulfide mineralized rocks (<1 ppm Pt+Pd+Au) associated
with locally pegmatoidal gabbro, anorthositic phases and
complex heterolithic breccias; (2) high-grade sulfide-min-
eralized rocks (as much as 15 ppm Pt+Pd+Au) associated
in an intrusive, PGE-rich pyroxenitic dike; and (3) highest
grade sulfide mineralized rocks (locally as much as 37 ppm
Pt+Pd+Au) that are associated with crosscutting, pematoidal
gabbroic dikes. Proven and probable reserves (Jan. 1, 2000)
in the Lac des Iles complex are estimated to be 71.9 million
metric tons containing 1.76 ppm Pd, 0.19 ppm Pt, 0.14 ppm
Au, 0.065 weight percent Cu, and 0.055 weight percent Ni
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(http://www.napalladium.com/mineopset.html; March 16,
2001). The complex is a composite synorogenic intrusion. The
PGE-mineralized rocks are associated with a melano-gab-

bro that invades and brecciates pyroxenite, gabbronorite and
gabbro; pegmatoidal gabbro is abundant. The ore typically
contains from zero to 5 volume percent pyrrhotite, chalcopy-
rite, pyrite, and pentlandite.

Hydrothermal PGE-Enriched Mineralized Rocks Associ-
ated With Mafic Rocks

The Mullen Creek Complex, Wyoming, is one example
of a hydrothermal PGE—enriched environment associated
with mafic rocks. The Mullen Creek Complex comprises a
deformed, synorogenic gabbroic complex that is truncated
by the Mullen Creek-Nash Fork shear zone (McCallum and
Orback, 1968; McCallum and others, 1975). Along the north
flank of the complex, quartz-pyrite-chalcopyrite veins with
minor sperrylite were developed at the New Rambler Mine.
The veins are present in hydrothermally altered metapyrox-
enite and metagabbro in shear-zone tectonites and mylonitic
gneiss. Coarsely crystalline, sheared, epidotized granite,
metadiorite and metaperidotite also are present. Near the sur-
face, the veins are oxidized and supergene-enriched. A porous
spongy limonite and jaspilite gossan overlies a 25—m-thick
oxidized zone that is characterized by presence of mala-
chite and azurite with lesser cuprite, tenorite, chalcotrichite,
and chalcopyrite. The underlying supergene-enriched zone
contains Pt—bearing covellite and chalcocite. After the mine
closed in 1918, probable reserves were estimated to be 7,000
tons of 7 to 8 weight percent Cu, 0.25 oz Pt/t, with some Au
and Ag (Needham, 1942). The last ore shipped from the mine
showed concentrations ranging from 3.24 to 61.37 weight
percent Cu, 0.0007 to 1.4 oz Au/t, 1.01 to 7.5 oz Ag/t, 0.047
to 3.2 oz Pt/t, and 0.33 to 12.3 oz Pd/t (U S Bureau of Mines,
1942). Total metal production was reported to be 1,753,924 Ibs
Cu; 171.35 oz Au; 7,346 oz Ag; 170.16 oz Pt; and 451.4 oz Pd
(Needham, 1942). McCallum and others (1975) report that ore
samples average 75 ppm Pd and 4 ppm Pt.

Deposits and Prospects of the Humboldt Mafic
Complex

Fieldwork was conducted in 1986 to assess the PGE
potential of the Humboldt mafic complex. Our field work
focussed on previously mapped areas of layered mafic rocks,
contacts of the mafic complex with sulfur-rich wall rocks, and
identified mines and prospects. Many samples analyzed for
PGE concentration came from known mineralized areas, which
are described below. Polished thin sections of mineralized
rocks were examined in reflected and transmitted light to deter-
mine ore and alteration mineralogy. Selected samples were
analyzed for sulfur isotopes (table 7-5) to evaluate sources of
sulfur and the potential for assimilation of crustal sulfur and
sulfide saturation during emplacement of mafic magmas.

PGE Analyses

We analyzed 267 samples for PGE and associated trace
and major elements (fig. 7-23). PGE were analyzed using NiS
fire assay. Detection limits were typically around 1 ppb, and
results are available in Baedecker and others (1998; job num-
bers LS33, LY62 through LY64, LY67, and MAS83 through
86). Our strategy was to analyze: (1) a variety of igneous rock
types that contain visible sulfide minerals and (or) are vari-
ably altered, (2) plutonic rocks that crop out near the intrusive
contact with S—bearing sedimentary rocks, and (3) hydrother-
mally-mineralized rocks that cut the complex. The hydrother-
mally altered rocks in the Humboldt mafic complex comprise
an unconventional PGE target and could provide a further
guide to primary magmatic-mineralized rocks in the complex.

Sixty-six samples of hydrothermally altered and mineral-
ized rocks were sampled and analyzed for PGE from the Hum-
boldt mafic complex. The mineral deposits included: Cu—min-
eralized rocks in mafic volcanic rocks (Wilden and Speed,
1974); Ni-Co—Ag—As-mineralized rocks (Ferguson, 1939); Fe
deposits associated with the pervasive sodic alteration (Reeves
and Kral, 1955; Moore, 1971; Johnson, 1977); a semi-mas-
sive pyrite—pyrrhotite-magnetite deposit near the margin of the
complex (Tule deposits; Moore, 1971); epithermal Sb depos-
its (Green Mine and Muttleberry Mine; Johnson, 1977); and
epithermal Au—(Ag, Hg) deposits (Dixie Comstock deposit,
Vikre, 1994). Description of the most important mineralized
areas follows below. The deposits are grouped according to
the dominant sulfur source in table 7-6, which summarizes the
dominant ore and alteration mineralogy of each deposit type.

Copper Mineralization in Mafic Volcanic Rocks

Numerous shows and prospects of Cu are present in the
mafic volcanic rocks that overlie the intrusive rocks of the Hum-
boldt complex. These prospects primarily reflect concentrations of
chalcopyrite and other Cu sulfide minerals in narrow fractures and
amygdule fillings in the Jurassic mafic volcanic rocks (Willden
and Speed, 1974). Prospects such as Boyer Copper and Bradshaw
Copper in the Table Mountain Mining District in the Stillwater
Range are typical of such Cu occurrences. These types of mineral-
ized rocks were sampled at the Bradshaw Copper prospect and in
Cottonwood Canyon near the Lovelock and Nickel Mines.

Cottonwood Canyon

One of the two samples collected in the Cottonwood Can-
yon area is the PGE anomalous sample listed in table 7-7. The
second sample did not have anomalous PGE contents, but it con-
tained elevated As and Co, similar to the PGE—enriched sample.
The second sample also had an elevated Ni concentration.

Bradshaw Copper

The Bradshaw Copper prospect hosts disseminated
and fracture-controlled chalcopyrite and pyrite in intensely
altered porphyritic volcanic rocks, breccias, and finely to
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coarsely crystalline diorite and gabbro. The host rocks are
strongly fractured and faulted. Pink albite veins and (or) dikes
and veins and veinlets of hematite cut the rocks. Albite and
hematite replace the matrix and rock fragments in the brec-
cias and phenocrysts and groundmass in the volcanic rocks.
Thin, irregular quartz seams also contain pyrite and chalco-
pyrite (Willden and Speed, 1974). Hematitization, silicifica-
tion, albitization, and chloritization are the dominant types
of alteration; carbonate alteration also is present, but is less
pervasive, and colorless, non-pleochroic tourmaline (dravite)
is a minor alteration product.

Pyrite in altered volcanic rocks from the Bradshaw Cop-
per prospect has S isotopic compositions that are in the range
mostly from 2.5 to 4.3%c—one sample has a high value of
7.3%o (table 7-6). The light S isotope values, the alteration
assemblage, and location near a fault suggest that these miner-
alized rocks formed from an igneous-dominated hydrothermal
system with neutral to acidic hydrothermal fluids. Mineral-
ization at this prospect may be related to Tertiary volcanic
activity, perhaps the widespread Miocene volcanic event in the
region (Dilek and Moores, 1995), although it is just as likely
that mineralization is associated with the Jurassic Humboldt
mafic complex (see below).

The geochemistry of mineralized rocks at the Bradshaw
Copper prospect differs from that in the samples from Cot-
tonwood Canyon. Although Cu concentrations are similar,
only one sample had PGE reported at the detection limit; all
other samples have PGE concentrations below their respective
detection limits. Whereas the Cottonwood Canyon samples are
enriched in As and Co, the samples from the Bradshaw Cop-
per prospect have elevated concentrations of B and Hg. Some
samples also have detectable Ag and Au.

Hydrothermal Ni-Co Mineralized Rocks in Cottonwood
Canyon

Minor amounts of Ni and Co were produced from
the Lovelock and Nickel Mines in Cottonwood Canyon
in the late nineteenth Century (Ferguson, 1939; Willden
and Speed, 1974; Lechler and Desilets, 1987). Nickel-
and Co—bearing sulfide, arsenide, and sulfarsenide
minerals are disseminated and in veinlets in brecciated
and altered quartzite along a fault that juxtaposes gabbro
of the Humboldt complex with quartzite of the Middle
Jurassic Boyer Ranch Formation. The quartzite in the
Cottonwood Canyon area also contains pyrite, which
was deposited in at least two stages. Earliest pyrite is
extensively crushed and has been completely replaced
by Fe—oxide minerals. Later pyrite shows minor brittle
fracturing, but is generally unoxidized. Near the Nickel
and Lovelock Mines, veins of green Ni—bearing minerals
cut carbonate breccia that consists dominantly of coarse-
grained ankeritic carbonate minerals with less abundant
late pore-filling calcite. Euhedral quartz and brownish
microcrystalline quartz and chalcedony are present in
the carbonate matrix. Chalcopyrite is disseminated in

the carbonate breccia, and it is partly replaced by minor
amounts of covellite and as well overgrown by Fe—oxide
minerals. Traces of marcasite are the only other sulfide
mineral in the carbonate breccia. The sulfur isotope
ratios of the Ni—bearing mineral veins, pyrite in gabbro
and quartzite, and chalcopyrite in the carbonate are all
enriched in **S relative to Bradshaw Copper, and all fall
within the narrow range of 9.3%o to 11.0%o.

A grab sample collected near the Nickel Mine con-
tains 4.6 and 3.0 weight percent Ni and Co, respectively
(table 7-7). PGE concentrations are below detection limit
or low. This style of mineralization may be similar to the
hydrothermal deposits at Bou Azzer, Morocco. Average
PGE concentrations in Co-arsenide, Ni—arsenide, and
Fe—arsenide ores from Bou Azzer are 582 ppb, 225 ppb,
and 134 ppb respectively (LeBlanc and Fisher, 1990).

Iron Oxide Mineralization

The Tule Iron prospect is present near the contact
between the Humboldt mafic complex and underlying sedi-
mentary rocks (Moore, 1971). The sedimentary rocks consist
of shale and minor limestone; these rocks are altered and
contact metamorphosed. Magnetite- and pyrite- mineralized
rocks are present in the limestone and hornfels. The prospect
is deeply weathered at the surface and is characterized by
prominent, brilliantly colored gossans. Core drilling below the
gossans encountered concentrations of magnetite and pyrite in
hornfels and pyrite in the limestone (Moore, 1971).

In an area northeast of the Tule Iron prospect, reclaimed
trenches exposed pods of massive sulfide minerals that are
present as segregations in altered igneous rock. The concen-
trations of massive-sulfide minerals appear to be developed
in coarse-grained gabbro, which is present as highly frac-
tured and replaced fragments in the concentrations of sulfide
minerals, predominantly pyrrhotite. Chalcopyrite is abundant
in some samples as grains interstitial to pyrrhotite, or as late
veinlets that cut pyrrhotite. Some coarse-grained pyrite is
intergrown with pyrrhotite. Fine-grained “birds-eye” replace-
ment of pyrrhotite by interbanded pyrite-marcasite is present
in some samples. Euhedral sphene crystals, some intergrown
with crystalline rutile, are present as inclusions in the sulfide
minerals. The gangue to the massive sulfide minerals is domi-
nantly albite, tremolite, and sphene that contain some coarse-
grained scapolite locally.

None of the samples collected from this area contained
anomalous PGE concentrations (table 7-8). Even though the
PGE concentrations are low, we nonetheless considered the
possibility that the concentrations of massive sulfide minerals
in the igneous rocks are magmatic. Although poorly exposed,
field relations suggest this prospect is present along an intru-
sive contact with sedimentary rocks. A mineral assemblage
dominated by pyrrhotite is what would be expected in a mag-
matic sulfide deposit.

Sulfur isotope values of the sulfide minerals range from
11.4 to 17.7%o, overlapping the range of Lower to Middle
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Jurassic seawater sulfate (Strauss, 1999). The heavy S isoto-
pic composition in the massive sulfide minerals could reflect
assimilation of Lower to Middle Jurassic evaporates of the
Lovelock Formation (Speed, 1974), which are intruded by the
Humboldt Complex. This raises the possibility that the gab-
broic intrusion reached sulfur saturation due to the assimila-
tion of crustal S. However, the composition of the mineraliza-
tion is not consistent with a magmatic origin (table 7-5). The
samples have slightly elevated Cu contents; however Ni con-
tents are low. If the sulfide minerals originated as an immis-
cible sulfide liquid, Ni, as well as Cu, would have partitioned
into the melt. Cu/Ni ratios for magmatic ores formed from
basaltic magmas should be approximately 3 to 1; the low Ni
contents and high Cu/Ni ratios suggest that the massive sulfide
minerals did not form from an immiscible sulfide liquid.

Epithermal Gold and Antimony Mineralization

Quartz-rich alteration and cation leaching are well
developed in cross-cutting ore assemblages such as the Dixie
Comstock low sulfidation Ag—Au deposit and the Green Mine
Pb—Sb-Ag deposit.

Dixie Comstock Mine

Gabbroic rocks of the Humboldt complex are crushed
along the range-bounding Dixie Comstock Mine fault that
separates the Stillwater Range from Dixie Valley at the Dixie
Comstock Mine. Drilling has defined a potentially bulk-mine-
able resource of about 1.7 million metric tonness of ore that
grades 0.058 oz Au/t in a mullion within the fault (Vikre, 1994).
Vikre (1994) proposed a mid-Pleistocene age for the mineraliza-
tion and demonstrated that the ore is structurally controlled by
the range-bounding normal fault that cuts the gabbro.

The gabbroic rocks in the Dixie Comstock Mine area
are typically coarse grained with abundant titanomagnetite.
Titanomagnetite generally shows moderate amounts of early
oxidative exsolution of ilmenite, later partial replacement of
ilmenite lamellae by TiO2 and Fe—oxide minerals, and vari-
able degrees of oxidation and replacement of magnetite by
hematite. Most samples are relatively unaltered with generally
fresh feldspar dusted with clay; moderate amounts of chlorite,
amphibole, epidote, sphene, and calcite partially replace the
mafic minerals. Quartz generally is not present as a secondary
mineral except in samples of jasperoid that represent exten-
sively silicified gabbro that is altered to quartz plus kaolinite
with only traces of epidote and without carbonate minerals.
Disseminated euhedral pyrite and pyrite plus hematite in
carbonate veins are the dominant metallic minerals, and most
pyrite is heavily oxidized and replaced by Fe—oxide minerals.

Gold in grab samples collected from the fault zone in
this study ranges in concentration from about 50 ppb to 20
ppm, and Ag ranges from about 1.5 to 7 ppm. Twenty-six
rock samples were analyzed for PGE from this area. For most
samples, PGE concentrations were at or below detection limit.
The highest value was 2.9 ppb Pt.

A sample of jasperoid from the Dixie Comstock area
has a 534S value of 5.1%a, typical of a hydrothermal system
dominated by an igneous-related source. The rock is a highly
silicified gabbro with sericitic alteration indicative of low pH
alteration and cation leaching. Pyrite sampled from drill core
from the Dixie Comstock Mine ranges from -7.5%o to 3.9%o
(Vikre, 1994), which is distinctly lighter than disseminated
pyrite in the altered gabbro wall rocks.

Green Mine

Rocks in the vicinity of the Green Mine (fig. 7-23) are
altered plagioclase-rich diabasic or gabbroic rocks, although
Triassic limestone and shale hosts the predominantly Pb—Ag—
Sb ore at the mine (Lawrence, 1963). The extensively altered
gabbros contain albite, carbonate minerals, muscovite, quartz,
apatite, and tourmaline. Quartz veins in these rocks contain
abundant tourmaline. Pyrite is the dominant sulfide mineral,
but some samples contain minor amounts of a sulfosalt min-
eral tentatively identified as boulangerite. Relative to other
analyzed rocks, the quartz vein samples are enriched in B, Ag,
Au, As, Pb, Sb, and TI. Twenty rock samples were analyzed
for PGE from this area. For most samples, PGE concentrations
were at or below detection limit. The highest value was 6.7
ppb Pd.

Sulfur isotopes from samples of the quartz veins range
from 9.4%o to 10.1%o; the associated altered diabase samples
gave values of 5.5%0 and 7.8%o. The ore and alteration assem-
blages are characteristic of volcanic-related epithermal sys-
tems, but the intermediate sulfur isotope ratios may indicate a
mixed igneous and sedimentary source of S.

Discussion of PGE Potential of the Humboldt
Mafic Complex

Assessment of the PGE potential of the Humboldt mafic
complex sought to address several questions. First, are the
rocks that make up the complex or hydrothermal deposits that
formed within or near the complex enriched in PGE? Second,
is the type and style of igneous layering like that associated
with reef-type or stratabound mineralization in other mafic
intrusions? Third, is evidence present for processes that
could result in the exsolution of an immiscible sulfide liquid?
Specifically, is there evidence for assimilation of crustal S,
extensive interaction with country rocks, or co-mingling of
magmas?

The PGE content in unaltered and altered rocks of the
Humboldt complex is low. About 50 samples of relatively
unaltered plutonic rocks were analyzed. Only 11 samples
have detectable PGE; the maximum value was about 30 ppb.
Copper concentrations are low—generally less than 50 ppm.
As expected, samples of picrite have higher concentrations of
Cr and Ni than gabbroic samples. About 60 samples of altered
igneous rocks also were analyzed; only nine samples have
PGE contents above detection limits; total Pt+Pd is less than
24 ppb.
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High PGE concentrations would not be expected in
unmineralized gabbroic rocks from synorogenic plutons.
These results for the Humboldt mafic complex are similar to
those for other synorogenic gabbroic intrusions. For example,
approximately 90 percent of the PGE analyses for 90 samples
of synorogenic gabbroic rocks from the Southern Peninsula
batholith were below detection limit (Baedecker and others,
1998; jobs LZ81, LZ82, and UD54). The highest concentra-
tions of Pd and Pt of these gabbroic rocks from the Southern
Peninsula batholith were 7.5 ppb and 5 ppb respectively.

Only 27 samples of the 66 hydrothermally altered and
mineralized rock samples had PGE above detection limit; 10
samples were above 5 ppb. Two samples were anomalously
enriched in PGE (table 7-7). The sample from Cottonwood
Creek is a mafic volcanic rock with abundant secondary Cu
minerals. The other PGE—enriched sample is from the Buena
Vista Hills and is a scapolitite with no conspicuous sulfide or
oxide mineral concentrations. No other samples of Fe ores or
rocks showing sodic alteration had elevated PGE contents.
Anomalous concentrations of PGE were surprising because
elevated PGE concentrations have not been previously
reported in either style of mineralization.

Although this work significantly extends the available
data on PGE abundance in the Humboldt Complex, we do not
contend that PGE enrichment in Cu—mineralized rocks associ-
ated with the mafic volcanic rocks has been adequately tested.
Mineralized rocks in the Bradshaw Copper prospect do not
appear to be enriched in PGE, perhaps because they are related
to a subsequent alteration event. Only one sample, from Cot-
tonwood Creek, is enriched in PGE. More samples should be
collected from Cottonwood Creek to validate the anomalous
sample. In addition, PGE concentrations should be determined
for Cu—mineralized rocks at the Boyer Copper and Copper
Kettle deposits (Wilden and Speed, 1974).

Layering Characteristics and Potential for
Stratiform-Mineralized Rocks

Speed (1963, 1976) described the gabbroic rocks that
make up the complex as cumulates. He also described layer-
ing, ranging from 1 cm to 100 m thick. Igneous layering can
form by a variety of mechanisms (Irvine, 1987); some of these
processes also can lead to formation of magmatic ore deposits.
Specifically, igneous layering that forms cyclic or rhythmic
units is commonly associated with stratiform chromitite or
reef-type PGE deposits. We examined areas indicated on the
map published by Speed (1976) as containing layered mafic
rocks to determine if the layering characteristics of various
map units are comprised of cumulates similar to those associ-
ated with stratiform or reef-type mineralization.

Our observations suggest the dominant style of layering
in mafic rocks in the Humboldt complex is modal layering
or foliation (layering characterized by parallel alignment of
nonequant mineral grains). We did not observe cyclic units or
meter-scale layering features that could be traced for signifi-
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cant distances. The mapping published by Speed (1976) also
indicates that the gabbroic cumulates are present in composite
intrusions. If stratiform concentration of sulfide minerals is
present in the gabbroic cumulates, the layers will have limited
continuity relative to stratiform complexes like the Bushveld
Complex or the Stillwater Complex.

Source of Sulfur in Mineralized Rocks

The intrusive contact between the Humboldt mafic com-
plex and older sedimentary rocks was examined in two places
in the West Humboldt Range (near the Tule Iron prospects and
near exposures of microgabbro south of Muttlebury Canyon)
to assess the possibility that assimilation of sediments may
have lead to saturation with an immiscible sulfide liquid. The
igneous intrusive rocks were finer grained near the contacts
than in the interior of the complex, and a xenolith of sedimen-
tary rock was noted near the Tule Iron prospects. However,
we did not observe vari-textured gabbros or other evidence for
extensive interaction with wall rocks.

Assimilation of S from country rocks also could cause
exsolution of sulfide liquids in the Humboldt mafic com-
plex. The complex intruded Early to Middle Jurassic marine
sedimentary rocks that contain gypsum (Speed, 1974). To
determine if the mafic complex interacted with these S—rich
sediments, the isotopic composition of S was determined for
samples of the marine evaporites and sulfide-bearing rocks
associated with the Humboldt mafic complex. The data are
presented in table 7-5 and the results are summarized in table
7-6.

Seawater sulfate §**S values increased from approxi-
mately 12%o to 17%o from Early to Middle Jurassic (Strauss,
1999). Sulfates in marine evaporites deposited in that time
interval have a broader range (~10-22%o; Claypool and oth-
ers, 1980; Strauss, 1997) due to processes, such as mineral
precipitation and bacterial sulfate reduction, that result in
isotopic fractionation of dissolved sulfate in evaporite basins
(Raab and Spiro, 1991). Gypsum from the Early to Middle
Jurassic Muttlebury Formation analyzed in this study ranges
from 11.4%o to 22.3%0, which overlaps the values for Jurassic
marine evaporites.

Elevated S isotope values from several of the mineralized
areas in the Humboldt Complex are a clear indication of incor-
poration of Jurassic seawater sulfate, or sulfate derived from
evaporitic facies of the Lovelock or Muttlebury Formations.
However, ore mineralogy, alteration assemblages, and Cu/Ni
all indicate a hydrothermal origin for the heavy S. Samples
with isotopic compositions that suggest derivation of S from
the Jurassic sedimentary rocks (table 7—6) are affected by the
pervasive Na and Na+Ca metasomatic alteration (Battles and
Barton, 1989; Johnson and Barton, 2000). The early perva-
sive Na and Na—Ca alteration is consistent with water-rock
interaction at low water-to-rock ratios that forms mineral
assemblages typical of low greenschist metamorphism (albiti-
zation and epidote-amphibole alteration of gabbroic and mafic
volcanic rocks). The regional abundance of marialitic scapolite
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in the Humboldt complex provides mineralogic and geochemi-
cal evidence of extensive circulation of high temperature, high
salinity fluids (Vanko and Bishop, 1982).

This alteration appears to be related to large-scale hydro-
thermal circulation of fluids in response to intrusion of the
Humboldt complex. The heavy S isotope signature of pyrite
associated with this alteration event suggests that hydrother-
mal circulation driven by intrusion of the Humboldt com-
plex leached evaporitic S from the Muttlebury and Lovelock
Formations. This S was totally reduced—approximately a
closed system—during interaction with gabbroic rocks of the
Humboldt complex, which resulted in 6**S values for sulfide
minerals that approximate the S isotope value for Jurassic
seawater sulfate.

Altered gabbro from near the Tule Iron prospects and
from the Bradshaw Copper Mine area have alteration assem-
blages and heavy S isotope values that suggest they are part
of this widespread alteration event. The elevated S of the
sulfide minerals and the Na-rich, hydrous alteration assem-
blage in rocks from these areas are consistent with hydrother-
mal circulation of fluids that interacted with evaporites of the
Lovelock Formation.

Other samples of hydrothermally altered rock that were
analyzed have isotopic compositions that reflect a magmatic
or volcanic source of S or a mixed magmatic and sedimentary
source. The light S isotope values in mineralized rocks from
the Bradshaw Copper Mine are consistent with an igneous-
dominated hydrothermal system with neutral to acidic hydro-
thermal fluids. A sample of jasperoid from the Dixie Comstock
area has a 8*S value of 5.1%o, typical of a hydrothermal system
dominated by an igneous-related source (table 7-6). The isoto-
pic composition of mineralized rocks in Cottonwood Canyon
suggests a hydrothermal circulation system that derived S from
either late Tertiary and (or) Pleistocene heat sources (8*S ~
2-5%o, as exemplified by the Dixie Comstock, see above) and
the regionally altered Jurassic rocks (8*S ~ 16%o).

Summary

Exposures of mafic intrusive rocks of the Humboldt
mafic complex are extensive enough to be associated with
a large PGE ore deposit. Has the potential for magmatic
mineralization in the complex been adequately evaluated?
For an unequivocal answer, we would need information from
outcrop-scale mapping, stream-sediment and soil sampling,
and geophysical surveys.

An alternate approach is to use analogous occurrences
to build models that describe the geologic characteristics of
the deposit as well as the distribution of grade and tonnage.
Further, well-explored terranes can give us an idea about
the expected density of deposits. This approach also works
well for certain types of deposit that are present in mafic
and ultramafic rocks; enough examples are available in the
literature to construct descriptive, grade, and tonnage models
for a number of deposits. These deposits include komatiitic
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Ni deposits found in komatiites (Page, 1986b; Singer and
others, 1986¢); Ni—Cu deposits found in synorogenic intru-
sions (Page, 1986c¢; Singer and others, 1986b); and podiform
chromitites in ophiolites (Albers, 1986; Singer and Page,
1986; Singer and others, 1986a).

However, some important types of world-class magmatic
deposits are quite uncommon. Thus, quantitative grade-ton-
nage models cannot be constructed because too few deposits
comprise the models. Descriptive models that could guide
exploration efforts also are difficult to construct; not enough
examples are available with shared characteristics to build a
model that does not include a large amount of uncertainty in
its application to unexplored terranes. For example, enough
examples of reef-type PGE deposits and occurrences are
known to describe generally their setting in a layered intru-
sion. All the known deposits are in stratiform-layered intru-
sions that are associated with intraplate magmatism. We do
not know if reef-type deposits are restricted to rocks formed in
that setting, or if they also could form in layered mafic rocks
formed in other tectonic settings. The PGE—enriched sulfide
deposit being mined at Lac des Iles, an Archean synorogenic
intrusion, is the only example of this type of deposit. Although
it has been described adequately, a comprehensive model that
would predict where other similar deposits could be expected
would have a large degree of uncertainty.

We can apply our knowledge about deposit models to the
Humboldt mafic complex, but we also should expect the unex-
pected. Our current understanding of PGE—enriched magmatic
ore deposits reasonably suggests that high-grade PGE deposits
would not be expected in these rocks. However, a level of
uncertainty still remains. Someone willing to accept high risk
could explore for unconventional deposit types, such as hydro-
thermal PGE, or some new or variant styles of mineralized
magmatic rocks in the Humboldt mafic complex.

The geologic setting inferred for the Humboldt mafic
complex limits what may be expected for PGE-mineralized
rocks. World-class reef-type deposits have not been found
in synorogenic complexes. Stratiform or reef-type sulfide-
enriched layers, exemplified by the Merensky Reef and J-M
Reef, are associated with large, cyclically-layered mafic-
ultramafic intrusions that formed in large igneous provinces
(Mahoney and Coffin, 1997). Cyclically-layered rocks do
not appear to have formed in the Humboldt mafic complex—
emplacement of multiple plutons in the complex also limits
lateral continuity of any layering features that may be pres-
ent. Limited lateral continuity would affect the tonnage of a
deposit, if a stratiform deposit were present.

Massive sulfide deposits that are present in dikes or sills
that provide feeders to large mafic-ultramafic igneous sys-
tems, however, are an important, but uncommon, deposit type.
Examples of these deposits include those at Noril’sk-Talnakh
and Voisey’s Bay. Nonetheless, the probability for occurrence
of one of these deposits near the Humboldt mafic complex is
not high simply because they are so rare. In addition, feeder
zones in which magma flow may have been focussed have not
been identified for the Humboldt mafic complex.
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Disseminated to massive sulfide minerals that might
be present near the intrusive contact with older, S—bearing
sedimentary rocks is the most likely deposit type to be found
in the Humboldt mafic complex. Rocks near the contact are
exposed in the West Humboldt Range; S isotopic data indicate
that S—bearing rocks were near the complex at the time it was
emplaced. No magmatic mineralized rocks or varitextured
rocks typically associated with this type of mineralization have
been found. Deposits in other synorogenic intrusions are char-
acterized by low PGE concentrations, indicating inefficient
mixing of sulfide liquid and magma. Geophysical surveys that
identify conductive rocks would be the most effective way to
search for these deposits. Nickel depletion in olivine may pro-
vide indirect evidence for the existence of a deposit (Thomp-
son and Naldrett, 1984).

The Humboldt mafic complex has not been evaluated,
however, for the type of mineralized rocks that are present at
Lac des Iles. We would need to look for places where magmas
intermingled at time of emplacement forming magmatic brec-
cias and mafic pegmatoids and causing a sulfide-liquid exsolu-
tion event. Relatively large-scale mapping could identify such
geologic relations—PGE anomalies could be detected by
sampling stream sediments or soils. Nonetheless, no pegma-
toids or igneous breccias similar to those at Lac des Iles have
been described.

The effect of subsequent alteration on the distribution of
PGE has not been tested fully. Two samples of hydrothermally
altered rocks with elevated PGE were found in this study. The
elevated PGE associated with mineralized mafic volcanic
rocks in the Cottonwood Canyon area suggests that more work
should be done at this locality, as well as at the prospects near
the Boyer Copper and Copper Kettle prospects. However, the
elevated PGE concentration found in the scapolitite is prob-
lematic. No other rocks sampled during our study that show
this type of alteration were anomalous. Further, the world-
wide literature on PGE does not report PGE concentrations
in similar rocks from similar geologic settings. A split of the
scapolitite sample should be re-analyzed to determine whether
the reported PGE concentrations can be duplicated. If so, then
additional work should be done in the field near the anomalous
sample to find material similarly enriched in PGE.

Results of Assessment

Combined Knowledge-Driven and Data-Driven
Model

The mineral-resource assessment map for pluton-related
deposits was created using a combination of knowledge- and
data-driven modeling techniques (chapter 2). Expert knowl-
edge was used to identify permissive and non-permissive areas
as well as to assemble and build the various databases used in
the assessment. The permissive versus nonpermissive tracts
used are those defined by Cox and others (1996) (fig. 7-5).
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Expert knowledge also was used to select evidence maps for a
preliminary data-driven weights-of-evidence (WofE) analy-
sis that was reviewed by the entire team writing the present
report—this review resulted in a number of problems, as
discussed above, if WofE were to constitute the end product of
the assessment effort. Nonetheless, WofE analysis was used to
analyze spatial associations among the training sites and evi-
dence maps and to optimize the evidence maps for prediction.
Subsequently, Mihalasky and Gary L. Raines (USGS, Reno,
Nev.) independently conducted WLR modeling whereby the
optimized evidence maps were combined to delineate prospec-
tive and favorable areas within the overall permissive area.
The evidence map criteria used for prediction were determined
by data-driven means (chapter 2).

From pluton-related sites of mineralized rock in the
Mineral Resource Data System (MRDS; McFaul and oth-
ers, 2000) of the USGS, as well as a number of recently
discovered occurrences tabulated for the present report, 92
representative deposits and occurrences from northern Nevada
were assembled to construct a “training set” for the data-
driven mineral-resource assessment of pluton-related mineral
deposits in the HRB (chapter 2). The deposits compiled in
this assessment are listed in table 7-1 and their locations
shown on figure 7-8. However, as discussed below, only 58
of the 92 training sites fall within the area actually assessed,
because of the areal limitations of the National Uranium
Resource Evaluation (NURE) geochemistry. Tabulations
in table 7—1 are more up-to-date than material archived in
MRDS during the final stages of the assessment in late 2001,
and this tabulation represents those economically important
mineralized sites that we judge to demonstrate relevance to
the pluton-related environment in the HRB. Classification of
pluton-related deposits is complex, and includes some subjec-
tive interpretation(s). In this report, a data-driven favorability
map was prepared on the basis that the applicable training
set reflects all types of pluton-related deposits regardless of
numerous classifications of the various types of deposits that
belong to the entire pluton-related group. The result of this
approach is a highly generalized representation of actual areas
of favorability for undiscovered pluton-related deposits and
occurrences. At a scale larger than this present assessment,
favorability maps specific for individual deposit types could
be prepared by taking into account specific differences among
the deposits—for example, the spatial association of mineral-
ized skarn deposits with their enclosing carbonate host rocks.
Buffers around all skarn occurrences in the HRB are shown in
figure 7-25.

The prospective and favorable tracts were modeled
using eight evidence maps (figs. 7-26 to 7-32; table 7-9), a
unit cell size of 1 km?, and a significance level of 1.282 (90
percent confidence, tabled Student—t value). The eight evi-
dence maps used in the assessment are: (1) skarn proximity
spatial buffers around intrusive igneous rocks shown on the
geologic map of Nevada; (2) combined regional distributions
of Cu, Pb, and Zn in sediment data; (3) regional sediment
data of As concentrations; (4) pluton proximity; (5) buffers
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around intrusive igneous rocks shown on the geologic map of
Nevada; (6) lithodiversity of the geologic map of Nevada; (7)
buffers around interpreted basement gravity lineaments; and
(8) regional gravity terrane map. Proximity to mineralized
skarns and presence of plutonic rocks are the two stron-

gest predictors, followed by geochemical then geophysical
evidence. The skarn proximity and geochemical evidence
maps serve to include areas likely to host pluton-related ore
deposits, and are characterized by narrowly defined predictor
patterns with W* magnitudes (see chapter 2) that are signifi-
cantly larger than W~ where the pattern is present. Conversely,
the pluton proximity and geophysical evidence maps serve to
exclude areas unlikely to host pluton-related ore deposits, and
are characterized by broadly-defined predictor patterns with
W magnitudes that are significantly larger than W* where the
predictor pattern is absent. The lithodiversity predictor pattern
provides nearly equal amounts of inclusive and exclusive
evidence, as indicated by approximately equal W* and W
magnitudes.

The pluton-proximity-predictor pattern provides exclu-
sive evidence, which seems counterintuitive, given the wide
range of deposit types included in the pluton-related category.
However, insufficient data are available to classify the plutons
individually according to some scheme that might relate them
to pluton-related deposit ore-forming processes, and as such,
all plutons within the study area were chosen as positive
evidence for an association with a pluton-related ore-forming
process. However, if such ore-discriminating data were avail-
able, the number of plutons used as positive evidence could be
reduced significantly, resulting in a more inclusive predictor
pattern. For example, an informal inspection carried out within
the greater HRB area reveals that only about 5 percent of the
approximately 300 individual plutonic units identified on the
geologic map (Stewart and Carlson, 1978) have a training site
nearby, which is defined arbitrarily as within 10 km for the
purpose of this cursory examination.

The seven evidence layers will now be discussed in order
of declining values of contrast strength (see chapter 2).

Buffers Around Skarn Deposits Excluded from
Training Set

A 1-km radial buffer was used around all skarn occur-
rences in MRDS for the data-driven assessment (figs. 7-25,
7-26). Radial buffers shown in decreasing intensities of red
contrast MRDS sites of skarn in northern Nevada versus sites
of the training set used for the pluton-related deposits (fig.
7-25). A 1-km radial buffer around these occurrences shows a
highly positive correlation with the deposits that make up the
training set, and only 11 of the 92 training sites are far distant
from occurrences of skarn in the MRDS database. The skarn
proximity and geochemical evidence maps serve to include
areas likely to host pluton-related occurrences and deposits,
and are characterized by narrowly-defined predictor patterns
with W+ (see chapter 2) magnitudes that are significantly
larger than W.

Combined Cu, Pb, and Zn Contents in Sediments

Copper, Pb, and Zn regional geochemical data for sedi-
ments (Folger, 2000) were combined together into a single
synoptic base-metal signature for the assessment (fig. 7-27).
The Cu-Pb—Zn signature evidence map shows a number of
relatively small, isolated areas where the predictor pattern
is present. Some of these small areas near the south-cen-
tral part of the HRB are concentrated along the trace of the
Battle Mountain-Eureka mineral belt. However, although the
Cu—Pb—Zn signature evidence map shows that the predictor
pattern is present and overlaps some of the known porphyry-
related deposits at Copper Canyon in the southern part of the
Battle Mountain Mining District, the predictor pattern is not
present in the rest of the district where Cu—mineralized rock is
quite widespread. This includes the Copper Basin area in the
northern part of the district that includes widespread, well-
exposed secondarily-enriched Cu orebodies (Theodore and
others, 1992).

Arsenic Contents in Sediments

Concentrations of As = 18 ppm in the regional sediment
data set (Folger, 2000) are considered to be the third strongest
positive predictor for presence of pluton-related deposits (table
7-9). However, the As frequency map for northern Nevada
shows that small areas indicating presence of the predictor are
widespread throughout the northern quadrant of the State and
are most common in the western part of the HRB (fig. 7-28).
Furthermore, these patterns do not outline satisfactorily the
Battle Mountain-Eureka mineral belt (fig. 7-28), although
quartile standard deviations from the mean of log concentra-
tions of the As data define it quite well (fig. 7-13A). Arsenic,
as arsenopyrite, is quite common throughout the skarn-related
porphyry Cu system at Copper Canyon in the southern part
of the Battle Mountain Mining District (Theodore and Blake,
1975), and As has been shown as well to be present as arseno-
pyrite epitaxial growths on pyrite in a non-porphyry environ-
ment in the northern Carlin trend (T.G. Theodore, unpub. data,
2001). Where zonation in porphyry systems has been well
defined as in the Kuskokwim region, Alaska, As is usually
present in association with arsenopyrite-pyrite-scheelite—Au—
sulfosalt veins or chalocopyrite-Bi—Au skarns that formed
somewhat deeper than Hg—dominated epithermal occurrences
in the upper parts of the porphyry systems (Szumigala, 1996).
High sulfidation rocks in the upper parts of porphyry Cu sys-
tems typically form at paleodepths of <500 m (Sillitoe, 1999).

Buffers Around Intrusive Igneous Rocks

A 19-km radial buffer (fig. 7-29) was used around all
plutons shown on the geologic map of Nevada (Stewart and
Carlson, 1978). The 13 intrusive units that comprise the pluton
suite of map units are listed in table 7-9. The 19-km size of
this radial buffer was selected using conventional statistical
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constants that are derived from the spatial association between
the plutons and the pluton-related deposit training sites (see
chapter 2). The spatial association steadily increases to a
maximum at 19 km, after which it rapidly decreases. In con-
ceptual terms, the optimum training-site density, with respect
to buffer area, is reached at a distance of 19 km. Beyond 19
km, the area of each successive buffer is increasing at a greater
relative rate than the number of training sites. However, usage
of even the 19-km radial buffer probably does not include

all areas of the HRB that, from a strictly geologic standpoint,
have some unknown but probably overall limited potential

for presence of pluton-related deposits. An example of one

of these areas involves the south end of the Sheep Creek
Range, roughly 10 km northeast of the town of Battle Moun-
tain, where mostly Ag— and Pb-bearing polymetallic veins at
the Snowstorm (Mountain View) Mine produced ore valued
between $5,000 and $100,000 during 1910-1928 (Stager,
1977). The location of this mine is within a part of the HRB
that is classified as nonpermissive (fig. 7-5) for pluton-related
deposits on the basis of a 10-km radial buffer applied by Cox
and others (1996) to all of the plutonic units shown on the map
by Stewart and Carlson (1978). The mine is barely within the
19-km buffer applied to the plutons (fig. 7-29). In addition,
one of the 92 training sites—Washington Hill, site no. 90, a
low—F stockwork Mo system—is located within a nonpermis-
sive domain (table 7-1). Further, from precise comparisons

of map patterns resulting from usage of 10—km versus 19-km
buffers, it becomes readily apparent that the same data base

of pluton units was not used for the respective plots of each
buffer. Apparently, the 10-km buffer used by Cox and others
(1996), in fact, includes some plutonic data layers show-

ing presence of intrusive rock supplementary to that actually
shown on the map of Stewart and Carlson (1978) as well as
expert judgments concerning inferred distances of polymetal-
lic occurrences from their generative intrusive centers. Thus,
areas in the HRB classified as nonpermissive at the scale of
our evaluation may in fact be shown to have some potential
for occurrence of pluton-related deposits if evaluated at a scale
larger than the present investigation.

Finally, we recognize the problem in logic involving
usage of a 10-km buffer to define permissive versus non-per-
missive tracts as opposed to a 19—km buffer that results statis-
tically from the spatial associations among geographic loca-
tions of plutonic units relative to locations of the 92 training
sites (see above). The value of this buffer is strictly an artifact
of calculations involving locations of training sites and plutons
on the State geologic map. It really has no geologic mean-
ing. However, if other sets of geographically different plu-
ton-related deposits were selected as training sites as well as
areas of different sizes, then the value of the statistical buffer
would change dramatically. For example, if we restricted our
assessment area to the Battle Mountain Mining District and
used only those 30 pluton-related deposits within the district
as a training set, then the optimal buffered distance would be
2 km. If we restricted the assessment area to the area sampled
during the NURE program and 60 of the 92 sites within the
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sampled area, then the optimal buffer would be 11 km. Fur-
ther, a test involving 92 training sites arbitrarily placed within
the HRB results in a typical random noise pattern, wherein a
plot of spatial association contrast versus proximity to a pluton
oscillates around zero, indicating no particular spatial associa-
tion. Random points that make up a large segment of the plot
account for 94.5 percent of the total number of points (n total
= 92). The peaks are not statistically significant and in effect
represent “noise” within which there is no “optimum” to pick
from and no apparent spatial association with the distribution
of the plutons. If the modeling is working correctly, this is
what we should expect and should observe.

Lithodiversity in the Geologic Map of Nevada

In the Great Basin, lithologic complexity or lithodiver-
sity, at least in the plan view of the State geologic map (Stew-
art and Carlson, 1978), results from superposed structural,
stratigraphic, and intrusive relations within a given domain of
measurement (Mihalasky and Bonham-Carter, 1999). This is
particularly true in the HRB. For example, faults can distort,
dismember, and rotate structural blocks—they can, as well,
disrupt continuity of units, juxtapose unrelated rocks, and
possibly expose now steeply dipping, but previously hori-
zontal strata. The greater the number and more intricate these
relations, the more spatially complex an area should appear in
a geologic map thereby emphasizing an enhanced structural
preparation in the area—such geologically complex relations
are requisite for generation of most epigenetic ore deposits.
The purpose of considering a map showing lithologic diversity
as one assessment layer for pluton-related occurrences is to
determine the degree of spatial association between the min-
eral occurrences and such areas. The rationale is that structure,
stratigraphy, and intrusive activity all are important factors
that control eventual areal distribution of mineralized rocks
and (or) orebodies. Lithologically diverse terranes should
show some degree of spatial association with the bulk of the
epigenetic mineral occurrences in and near the HRB. The
positive prediction criteria used is = 3 lithologic units present
per 6.25 km? of the Stewart and Carlson (1978) geologic map
of Nevada (table 7-9; fig. 7-30). Griffiths and Smith (1992)
demonstrated that a simple linear relationship exists between
geologic diversity and mineral-resource diversity in support of
this proposition. They found that domains that have relatively
high diversity are favorable hosts for metal-bearing ores, as
demonstrated by most counties in Nevada (12 of 17) which
have a high diversity and also are prolific producers of base
and precious metals. Geologically, Griffiths and Smith (1992)
interpreted this relation as reflecting a complex mixture of
igneous, metamorphic, and sedimentary rocks that accompany
metal-bearing ores which, in turn, serves to emphasize the
inherent complexity of protracted geologic processes neces-
sary to provide a good potential for metal-bearing ores as well
as the pre-mineralization structural preparation required at the
district scale for development of significant orebodies.
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However, as applied to the geologic map of Nevada (fig.
7-30), these predictive criteria using lithodiversity have a
tendency to emphasize inordinately the bedrock areas of the
State versus the valleys that have a relatively small number of
geologic map units compared to the mountain ranges. Usage
of this relation in the preliminary WofE assessment in effect
enhances variability in the final pattern for favorability in the
mountain ranges to the point that all of the mountain ranges
are uniformly classified as prospective.

Buffers Around Interpreted Basement Gravity
Lineaments

Distances from gravity lineaments, interpreted from D.
Ponce (written commun., 2000), were considered ideally to
have a 29-km buffer (table 7-9; fig. 7-31). No known geologic
process has been recognized to require a buffer as wide as this.

Gravity Terrane

Those areas outside of domains wherein high gravity is
present are considered to be a positive predictor for presence
of pluton-related deposits (table 7-9; fig. 7-32). The Great
Basin is situated in a regional gravity low (Eaton and others,
1978). Regional Bouguer gravity at wavelengths greater than
1,000 km indicate that the dominant, first-order feature in the
Great Basin and adjacent regions to the east, is an enormous
anomalous low (less than —200 mGals), and reflect sources
within the pre-Tertiary basement (Kane and Godson, 1989;
Blakely and Jachens, 1991). Gravity-anomaly lows in Nevada
are related to rocks of lower density, or attributes which effec-
tively lower the density of rocks, such as widespread fractures
related to fault and shear zones (Telford and others, 1976; see
also, Jachens and others, 1989). In Nevada, isostatic gravity
lows generally correlate with sediment- and volcanic rock-
filled inter-range basins, as well as with the presence of felsic
intrusions (Mabey and others, 1983; Saltus, 1988; Blakely
and Jachens, 1991). The dominant feature, visible in both
the isostatic and Bouguer anomalies, is a regionally exten-
sive gravity low that stretches from the Nevada-Utah border
across the center of the State into the Walker Lane region. This
low, flanked to the north and south by gravity highs, reflects
sources in the pre-Tertiary basement, but its strongest correla-
tion is with distribution of thick accumulations of Cenozoic
volcanic rocks (Blakely and Jachens, 1991; Mabey and others,
1983). The isostatic gravity lows are reasonably well corre-
lated with (1) volcanic rocks erupted during the 34— to 17-Ma
interval and (2) a possible east—west-trending structural zone
that extends across south-central Nevada—for the south-cen-
tral Nevada structural zone, see Kepper and others (1991).
The isostatic gravity low also is visible in the Bouguer gravity
anomaly, where it is characterized by gross bilateral symmetry
that is best developed in east-central Nevada. The axis of sym-
metry trends northwest and is generally coincident with the
northern Nevada rift zone. The Nevada gravity low may actu-

ally be part of a large alternating pattern of northwest-south-
east-trending high-low anomalies that stretches from Califor-
nia, across the Great Basin and into Utah (see also, Jachens
and others, 1989, pl. 1; Kane and Godson, 1989). This large
gravity pattern is probably related to features at the crust-man-
tle boundary, and may represent areas of igneous underplating
(Mutschler and others, 1992; Parsons and others, 1994).

Description of Tracts for Pluton-Related Deposits

The data-driven pluton-related deposit mineral-assess-
ment map, which only delineates prospective and favorable
tracts, is shown in figure 7-33. However, the four assessment
ranks shown below—nonpermissive, permissive, favorable,
prospective—are derived from two sources: (1) the former
two from the Nevada assessment by Cox and others (1996);
and (2) the latter two from the data-driven modeling on the
basis of break-points in the cumulative assessment area curve
(fig. 7-34). As noted on this figure, only 58 of the 92 pluton-
related training sites are within the NURE—sampled domain of
figure 33. The amount of the area of each assessment rank, in
relation to the total assessed area of the greater HRB, and the
number of training sites in each rank, are given in table 7-10.
For example, approximately 2 areal percent of the NURE—
sampled domain has been classified as prospective. The most
prominent break-point in the curve above the prior favorability
was used to delineate the favorable—prospective rank boundary
(see dotted red line on fig. 7-34).

The pluton-related deposit mineral-resource assessment
map was created by combining the data-driven favorable-
prospective map with the expert-delineated permissive tract
and masking out areas with Cenozoic cover greater than 1 km
(fig. 7-35; see also, fig. 7-5 and chapter 2). The area of each
assessment tract, the number of training sites in each tract,
and the rank of each training site are given in tables 7-10 and
7-1. Within the greater HRB area, the largest cluster and most
important ore deposits, which are located in the Battle Moun-
tain Mining District, are present mostly within prospective and
favorable areas. The Battle Mountain—Eureka mineral trend
also is well defined by a linear alignment of prospective areas.
In the western part of the HRB, in Pershing County, a weak,
linear alignment of prospective and favorable areas appears
to be present, and it trends northeast from the West Humboldt
Range, along the western flank of the Humboldt Range, to the
eastern flank of the Eugene Mountains. This alignment is one
of many that apparently are present in the greater HRB region
(see below).

A number of areas showing various levels of favorability
for pluton-related deposits have been delineated in the HRB
(fig. 7-35). The favorable tracts in the greater HRB area also
appear to coalesce into broad and areally extensive coherent
patterns that might represent belts of magmatic activity and
their attendent fluid flow deep in the crust and, therefore, areas
favorable for pluton-related deposits. Most of the broad favor-
able areas and less areally extensive prospective areas used to
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define the belts all contain variable numbers of mineral occur-
rences classifiable as pluton-related. However, many features
that might be used to document these inferred belts precisely
are not directly measurable in outcrop, including presence of
faults parallel to the long axes of the delineated belts. None-
theless, six northeast-trending belts have been delineated in
the general area of the HRB for further discussion—including
three on either side of the Battle Mountain-Eureka mineral
belt. What is most striking is the fact that the easternmost
belts on either side of the Battle Mountain-Eureka mineral belt
apparently are offset approximately 80 km from each other

in a right lateral sense along the trace of the Battle Mountain-
Eureka mineral belt. If these offsets are real, then they must
result from deep zones of crustal weakness, such as major
faults, linked to the supracrustal rocks only by the alignment
of the prospective and favorable tracts. These, in turn, prob-
ably track magmas that are associated with enhanced capaci-
ties for generating pluton-related deposits—the magmas are
inferred to have been emplaced along the zones of weakness.
The latter appear to be parallel to the edge of the craton.

Battle Mountain-Eureka Mineral Belt

The Battle Mountain-Eureka mineral belt is the premier
subcontinental-scale metallotect for pluton-related deposits in
the HRB (fig. 7-35). As described above, it partly may have
inherited its northwest orientation from a zone of weakness
that parallels paleotransforms that bound the northeastern
and southwestern margins of the Cordilleran miogeocline
(Dickinson, 2001). Numerous stream-sediment and soil
samples from the Battle Mountain-Gold Run segment of the
Battle Mountain-Eureka mineral belt also contain anomalous
concentrations of As, Sb, Au, Ag, Cu, Pb, Mo, and Zn (King,
1996; see also, Kotlyar and others, 1998a). These anomalies
are especially concentrated in the Battle Mountain part of the
trend (see also, figs. 7-12, 7-13). The Battle Mountain-Eureka
mineral belt mainly is a Late Cretaceous and Tertiary porphyry
trend and contains the Battle Mountain Mining District near
the central part of the HRB. The belt is defined by clusters of
deposits in a zone extending southeast from the general area
of the Battle Mountain Mining District to the general area of
Eureka (fig. 7-35). Although recognized for a number of years
(Roberts, 1966), our study has reaffirmed distribution of the
Battle Mountain-Eureka mineral belt through an alignment of
prospective tracts in the mountain ranges. This alignment of
prospective tracts also includes the Buffalo Mountain and Iron
Hat Mining Districts of Tingley (1992). However, the central
axis of the Battle Mountain-Eureka mineral belt is parallel to,
but approximately 20 km west of, an isostatic gravity gradient
that marks the boundary of rocks in the middle and upper crust
that are quite dense relative to surrounding ones (Kotlyar and
others, 1998a; see also, Grauch, 1998). The northwest part of
the trend at Battle Mountain—in effect the generally accepted
northern terminus of the Battle Mountain-Eureka mineral
belt—contains as many as 10 exposed and inferred porphyry
Cu and stockwork Mo systems as we described previously
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above. However, it should be emphasized that current overall
prospectivity of the Battle Mountain Mining District—particu-
larly its pediment areas—is still (2002) locally much higher
than other adjoining mountain ranges that generally are classi-
fied as favorable.

The McCoy Mining District, due south of the Battle
Mountain Mining District, possibly is controlled by an
inferred deep north-striking crustal structure, originally sug-
gested by Bloomstein and others (1991), that intersects the
northwest-trending Battle Mountain-Eureka mineral belt.
Thus, widespread mineralized rock at McCoy might reflect a
predominantly Tertiary southward protrusion of mineralized
rock near the intersection of the two crustal structures.

Humboldt-Toulon Belt

The Humboldt-Toulon belt—also referred to as the Hum-
boldt porphyry tract by Peters and others (1996)—is defined
by a broad zone of generally northeast-trending areas that are
prospective and favorable for pluton-related deposits. This belt
is located generally north of Lovelock and it is centered on the
Humboldt River (fig. 7-35)—the belt is part of a much more
wide-ranging W belt defined by Stager and Tingley (1988).
The Humboldt-Toulon belt also is envisioned to broaden in
an east-west direction near Lovelock to include the Humboldt
Range and the Unionville Mining District. The Mo occur-
rence at Majuba Hill also is present near the northeast termi-
nus of the belt (fig. 7-9). Further, the belt includes numerous
clusters of pluton-related mineral occurrences that have many
characteristics compatible with a porphyry Cu-related-envi-
ronment—these include occurrences at Fireball Ridge and at
Granite Point (fig. 7-9). Near its south end, the Humboldt-
Toulon belt also includes the Ragged Top Mining District (fig.
7-9), which district contains Triassic to Jurassic metasedimen-
tary rocks that have been intruded by Cretaceous granodiorite
that produced Cu— and W-bearing skarn, some of which
contains Mo (Lincoln, 1923; Johnson, 1977; Schilling, 1980;
Stager and Tingley, 1988). Southeast of Lovelock, the Wild-
horse and Muttlebury Mining Districts contain many polyme-
tallic veins (Lawrence, 1963; Johnson, 1977), and W skarns,
which also contain Cu, Au, and Ag (Stager and Tingley, 1988).
Many mineralized rocks are associated with early-stage ther-
mal metamorphism, and are veined by quartz—they as well
contain aplite dikes, such as those at the Long Lease Mine,
which also include Mo (Schilling, 1980).

A number of other mineral occurrences in the general
area of Lovelock also are pluton-related. Deposits in the Gold
Butte and Trinity Mining Districts, west-northwest of Love-
lock, include polymetallic veins which contain W, Ag, Pb,

Zn, and Mo in zones of hornfels, in skarn, and in aplite sills
(Lincoln, 1923; Johnson, 1977; Schilling, 1980). In the Rye
Patch Mining District, Cretaceous granitic rocks have intruded
Triassic metasedimentary rocks and produced quartz and
pegmatite veins in a surrounding zone within which the veins
contain W, fluorite, muscovite, and beryl (Wallace and others,
1969a, 1969b). The quartz and pegmatite veins are associated
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spatially with polymetallic metal assemblages that are rich

in Ag, Sb, Pb, Zn, and Au (Lawrence, 1963; Johnson, 1977),
as well as with the Empire Mo occurrence (Schilling, 1980).
However, a group of W deposits in the Humboldt Range, east
of Lovelock, clearly is related to two-mica granite (Peters and
others, 1996).

Another small area just to the north of the Humboldt-Tou-
lon belt merits mention. In the Mill City Mining District (fig.
7-9), Triassic sedimentary rocks were intruded by Cretaceous
granodiorite stocks and quartz monzonite aplite dikes and peg-
matites; associated hornfels, W skarn, and Cu and W skarn are
anomalous in Mo, Ag, Sb, Pb, and Zn (Lincoln, 1923; Johnson,
1977). The Springer W skarn locality, which is discussed at
some length above, also contains Mo (Schilling, 1980), and it
has been classified as a porphyry Mo, low—F deposit by Wendt
and Albino (1992). The Mill City Mining District also shows
numerous stream-sediment and soil samples that have anoma-
lous concentrations of Sb, As, Au, Ag, and Pb (King, 1996).

Stillwater Belt

The Stillwater belt is defined by an almost continuous
band of favorable and prospective areas for pluton-related
deposits that extend from the general area of the East Range
on the northeast to the Stillwater Range on the southwest (fig.
7-35). In the northern part of the Stillwater belt, the Kennedy
Mining District contains Mo— and Cu—mineralized rocks in
an Oligocene intrusive complex that includes gabbro-diorite
and monzonite-quartz monzonite phases (Johnson, 1977;
Juhas, 1982). These rocks have intruded Paleozoic rocks on
the north and Triassic leucogranite on the south (Whitebread
and Sorensen, 1980). Alteration consists of K—silicate assem-
blages together with phyllic and propylitic alteration (Bowes
and others, 1982). Mineralized rocks include disseminated
and stockwork chalcopyrite and molybdenite (Thurber, 1982).
Polymetallic veins surround the central district—particularly
near the east end of the mining district—and contain Cu, Pb,
Zn, As, Ag, and Au (Klopstock, 1913; Muller and others,
1951; Wallace, 1977). The eastern end of the mining district
also contains numerous stream-sediment and soil samples
that have anomalous concentrations of Ag (King, 1996). The
Kennedy Mining District also lies along an east-west regional
structural trend that is interpreted to be the westward exten-
sion of an Oligocene and Miocene trough of volcanic rocks
(Wallace, 1978; Kutina and Bowes, 1982; Burke and McKee,
1979). The Oligocene intrusive complex in the Kennedy
Mining District represents probably some of the geologically
deepest parts of this trough, which also contains a circular
magnetic signature at the surface (Hallof, 1982). The trough
is regionally composite in that it is filled with early Oligocene
Caetano Tuff near its eastern terminus near Cortez, Nev. (Gil-
luly and Masursky, 1965)—that is, near the east-central part of
the HRB—and it contains younger 20-Ma tuff in the general
area of the Fish Creek Mountains (McKee, 1970). Many of
these features are consistent with the porphyry Cu—(Mo) type
of deposit described by Cox (1986¢).

Osgood Belt

As defined, the Osgood belt is a relatively short, north-
east-trending belt of prospective areas for pluton-related
deposits that coincide largely with the Osgood Mountains
(fig. 7-35). Tungsten skarn deposits are present along the
western and eastern contacts of northeast-trending Creta-
ceous plutons in the Osgood Mountains. The economically
important sedimentary rock-hosted Au—Ag deposits that are
present generally near the eastern range front of the Osgood
Mountains are discussed in chapter 8. Further, a number of
fairly well explored porphyry Cu and stockwork Mo systems
are present near the broad junction of the Osgood belt with the
Stillwater and Battle Mountain-Eureka belts. The general area
of this “triple” junction remains unassigned as to belt affili-
ation because all three inferred belts may have contributed
substantially to structural controls that localized the delineated
favorable and prospective tracts (fig. 7-35). These systems are
in the Sonoma Range as well as near the south end of the Edna
Mountains.

Toiyabe Belt

The Toiyabe belt is defined by an almost continuous belt
of favorable and prospective areas for pluton-related deposits
that extends along the entire length of the Toiyabe Range in
a north-northeast direction (fig. 7-35). A number of plutons
of various ages are present along the range, and these plutons
generally are associated with polymetallic vein occurrences
that are clustered together into a number of mining districts.
The belt includes all of the mostly polymetallic mining dis-
tricts in the general area of Austin that were discussed at some
length above. In addition, as shown, the belt largely coincides
with a northeast-trending zone of anomalously high As con-
tents in sediment samples (Kotlyar and others, 1998a). Several
other metals common in pluton-related environments, includ-
ing Bi and Sn, also appear to be preferentially concentrated
along the Toiyabe belt on the basis of an evaluation by B.B.
Kotlyar (oral commun., 2001) of the recently-released NURE
regional geochemical data base (Folger, 2000).

Ruby Belt

The Ruby belt of favorable areas, which also is elongated
in a northeasterly direction, is a relatively short belt near the
east edge of the HRB. It is largely coincident with the Ruby
Mountains (fig. 7-35). The Ruby Mountains contain wide-
spread exposures of Jurassic pegmatitic granite, Cretaceous
two-mica granite, and Oligocene granite-monzonite of the
Harrison Pass pluton, as well as a number of areally restricted
occurrences of Miocene basalt dikes (Howard, 1966; Howard
and others, 1979; Howard, 1980). All of these plutonic units
were emplaced into an extensive migmatitic complex—includ-
ing components of a metamorphic core complex—in the
range. This core complex largely reflects migmatization of
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Paleozoic platformal sequences, probably drawing to a close
sometime in the Tertiary. At least two phases of mineralized
skarn are present in the Ruby Mountains, and they are associ-
ated with Jurassic and Tertiary magmatic events (Berger and
others, 2000). These skarns have produced generally small
amounts of base and precious metals and W (see discussion
above for a summary of the metal production history from
this mountain range). The mineralized occurrences in the
Ruby belt are inferred to reflect mineralization processes that
occurred somewhat deeper in the crust than those in the com-
panion Toiyabe belt offset to the southwest across the Battle
Mountain-Eureka mineral belt (fig. 7-35).

Adobe-Pifion Belt

The Adobe-Pifion belt of largely favorable areas for
pluton-related deposits extends in a southwest direction from
the Independence Mountains, through the Adobe Range, to the
Piflon Range (fig. 7-35). The belt also includes some parts of
the northern Cortez Range, and apparently is anchored at its
southwest terminus by favorable areas in the general area of
Jurassic magmatism and associated polymetallic vein deposits
in the Cortez Mining District (fig. 7-35). As currently defined,
the belt is parallel with, but slightly offset to the east, from
the prominent set of linear features that define the Crescent
Valley-Independence lineament (see fig. 7-13). The belt is
delineated by a number of more or less continuous prospective
areas that are the result of a number of overlapping predictor
patterns, including: (1) gravity terrane (fig. 7-32), (2) gravity
linears (fig. 7-31), (3) lithodiversity (fig. 7-30), and (4) pluton
proximity (fig. 7-29). The belt includes prominent plutons at
Lone Mountain along the east flank of the Adobe Range, and a
large number of Jurassic plutonic bodies in the northern part of
the Cortez Range in the southern part of the belt (Stewart and
Carlson, 1978). Between 1868 and 1988, the Railroad Mining
District, approximately 10 km southeast of the inferred trace
of the Adobe-Pifion belt (fig. 7-35), produced approximately
7 million 1bs Cu, 36,000 oz Au, 25 million lbs Pb, 1.3 million
oz Ag, and 0.4 million lbs Zn (LaPointe and others, 1991). The
large number of mineral occurrences present in the northern
part of the Cortez Range (fig. 7-6) represents Fe deposits
associated with Jurassic felsic magmatism (see above for dis-
cussion of the relatively minor amounts of Fe produced from
these occurrences).

Summary of Pluton-Related Assessment

Evaluation of the HRB for pluton-related deposits
resulted in variable proportions of many mountain ranges
being classified as favorable (12 areal percent of the entire
area of northern Nevada covered by the NURE geochemi-
cal data) and prospective (2 areal percent) (table 7-10). The
generally nonuniform distribution of favorable and prospec-
tive tracts across the HRB must be a consequence primarily of
numerous interrelated geologic phenomena. In addition, many
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outlined tracts seem to define narrow north-northeast trend-
ing belts that may reflect upper crustal zones of weakness that
are inferred to coincide with major rifts deep in the crust—the
generally northeast trends appear to parallel roughly the
margin of the craton (Wooden and others, 1998; see also,
Theodore, 2000, fig. 5). Such deep-seated rifts in continental
crust, if present, probably are largely decoupled rheologically
from supracrustal rocks presently exposed in the mountain
ranges. We further envision that the belts must reflect supra-
crustal zones that were reactivated repeatedly through geologic
time—though reactivation in the region of the HRB apparently
was concentrated especially during the Mesozoic and middle
Tertiary—as various continental-scale processes became
operative. Repeated reactivation along the roots of the belts
periodically thereby allowed a rise into the supracrustal rocks
of magmas and their associated pluton-related fluids and met-
als. Massingill (2001) suggests that north-northwest striking
faults in north-central Nevada invariably have dextral-normal
offsets whereas north-northeast ones have sinistral-normal off-
sets. This sense of dextral offset also applies to the northwest-
trending Battle Mountain-Eureka mineral belt as a whole on
the basis of an interpretation of the 0.706 isopleth for the ratio
of 87Sr to 86Sr (Massingill, 20